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Watersheds within northwestern Mississippi, a productive agricultural region
referred to as the Delta, were recently identified as contributors of total nitrogen and
phosphorus fluxes to the Gulf of Mexico. Water withdrawals for irrigation in the Delta
have altered flow paths between surface-water and groundwater systems, allowing for
more surface-water losses to the underlying alluvial aquifer. In order to understand how
to manage nitrogen in a watershed, it is necessary to identify and quantify hydrologic
flow paths and biogeochemical conditions along these flow paths, which ultimately
combine to determine transport and fate.
In order to evaluate the extent and role of surface-water losses to the alluvial
aquifer on the transport of nitrate, a two-dimensional groundwater/surface-water
exchange model was developed for a site within the Delta. Results from this model
determined that groundwater/surface-water exchange at the site occurred regularly and
recharge was laterally extensive into the alluvial aquifer. Nitrate was consistently
reported in surface-water samples (n= 52, median concentration = 39.8 micromol/L),

although never detected in samples collected from instream or near stream piezometers
(n=46). Coupled model and water-quality results support the case for denitrification/
nitrate loss from surface water moving through an anoxic streambed.
At larger scale, recent results from two Spatially Referenced Regressions on
Watershed attributes (SPARROW) models imply that nitrogen is transported relatively
conservatively once it enters the main channel of the Big Sunflower River Basin, which
contributes much of the water discharging from the Yazoo River Basin to the Mississippi
River. Net loss of nitrogen was assessed by comparing total nitrogen data from
Lagrangian sampling events to chloride, drainage area, and predicted total nitrogen flux
results from the SPARROW models. Results indicated relatively conservative instream
transport of nitrogen at the scale of the Big Sunflower River Basin; however, two
potential nitrogen loss mechanisms were identified: (1) transport and transformation of
nitrogen through the streambed, and (2) sequestration and transformation of nitrogen
above the drainage control structures downstream of Anguilla.
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CHAPTER I
INTRODUCTION

Water Quality and Availability in the Mississippi Delta – What is the connection
between water use and water quality?
There are three important drivers related to water resources within northwestern
Mississippi; the export of nutrients to the Mississippi River and eventually to the Gulf of
Mexico, the availability of water for irrigation and to sustain base-flow in streams, and
the coupled role of groundwater and surface-water on water-quality, particularly
nutrients, and water-availability. The Mississippi River alluvial plain in northwestern
Mississippi (locally referred to as the Delta), once a floodplain to the Mississippi River
covered with hardwoods and marshland, is now a highly productive agricultural region of
large economic importance to Mississippi (fig. 1) (Economic Research Service, U.S.
Department of Agriculture, 2010). Fertile soils, a long growing season, average annual
rainfall of greater than 54 inches (in.), and a productive alluvial aquifer make the Delta a
prime area for agriculture. Land use in this area can be greater than 90 percent
agriculture, primarily for growing catfish, corn, cotton, rice, and soybean.
Water for irrigation is supplied primarily by the Mississippi River Valley alluvial
aquifer (hereafter referred to as the alluvial aquifer), which is the third most used aquifer
in the United States (Maupin and Barber, 2005; fig. 2). The extent of the alluvial aquifer
covers parts of Arkansas, Mississippi, Missouri, Louisiana, and Tennessee, Kentucky,
1

and Illinois. Mississippi is the second largest user of the alluvial aquifer, with Arkansas
being the largest user. Both States rely largely on the alluvial aquifer to supply water for
irrigation. Approximately 9,290 million gallons per day (Mgal/d) of water are withdrawn
from the alluvial aquifer in Mississippi, which makes it the most used aquifer in the State
(Maupin and Barber, 2005). The Mississippi River, which forms the axis of the
Mississippi Embayment aquifer system, generally incises the entire thickness of the
alluvial aquifer, thereby creating two independent flow systems on the west and east side
of the Mississippi River (Arthur, 2001).
The alluvial aquifer consists of Quaternary-age sand and gravel deposits overlying
an erosional Tertiary-age surface (Fisk, 1944; Arthur, 2001). Recharge from infiltration
typically is low because of the overlying clay and fine-grained material in the upper part
of the aquifer. Previous studies have reported recharge rates of 2.5 inches per year
(in/yr), which is 5 percent of the average annual rainfall that falls on this region (Arthur,
2001, Welch et al., 2011). Other sources of recharge to the aquifer include leakage from
the Mississippi River and interior Delta streams and lakes, interflow from sediments and
aquifers within the Bluff Hills escarpment (fig. 1) on the eastern edge of the alluvial
aquifer, and flow from underlying aquifers in direct connection with the alluvial aquifer.
Discharge components from the alluvial aquifer include water withdrawals from wells
screened within the alluvial aquifer, leakage to the Mississippi River and interior Delta
streams and lakes, leakage to the Bluff Hills escarpment on the eastern edge of the
alluvial aquifer, and leakage to underlying aquifers. Prior to extensive development, the
regional groundwater flow path was composed of two flow components—flow from the
north to the south and from the east and west peripheries toward the center of the Delta.
2

These flow paths generally followed the topography of the alluvial plain, which slopes
from north to south and is bounded by the Mississippi River levees on the west and Bluff
Hills on the east, both of which are topographic highs relative to the interior of the Delta.
During these predevelopment conditions, water from the alluvial aquifer likely is
discharged to the Sunflower and Yazoo Rivers, which are regional drains for the alluvial
aquifer (Arthur, 2001).
Although the alluvial aquifer has a large reserve (Arthur, 2001), there is evidence
that the current rate of groundwater withdrawals for irrigation from the alluvial aquifer is
not sustainable. Water-level declines are variable across the Delta, and the largest
declines are observed in the central part of the Delta within the area of a large cone of
depression (figs. 1 and 3). Subsequently, the regional groundwater flow path is now
intercepted by this large cone of depression in the water table in the central Delta
centered on Sunflower County (Arthur, 2001). Withdrawals have exceeded recharge in
the alluvial aquifer resulting in a loss of storage within the aquifer, increased surficial
recharge, and a net change in the Mississippi River and Delta streams from gaining to
losing streams (fig. 4; Barlow and Clark, 2011).
The Yazoo Mississippi Delta Joint Water Management District (YMD), an
agency formed in 1989 to assist with the development of non-regulatory strategies for the
management of water resources in the Delta region, delineated the approximate extent of
the area of the cone of depression (fig. 1) to examine changes in water levels and the
effects on aquifer storage within the cone of depression. Using annual water-level data
within this area and a specific yield value of 0.32, YMD determined that the average fallto-fall change in storage since 1987 is 150,750 acre-feet per year (acre-ft/yr), which has
3

resulted in a cumulative loss of approximately 3,316,500 acre-feet (acre-ft) within the
area of the cone of depression from 1987 to 2009 (Yazoo Mississippi Delta Joint Water
Management District, 2010; fig. 5).
Storage losses and subsequent water-level declines in the alluvial aquifer have
resulted in decreases in the baseflow of streams and rivers to the extent that many streams
in the Delta are no longer perennial and flow only intermittently during the (early)
summer in response to rainfall or irrigation runoff (fig. 5; fig. 6). This decoupling of the
aquifer from the streams has substantially decreased surface water flow at critical times
of the year and disrupted ecosystem services including maintaining baseflow in streams,
regulating stream temperature regimes for aquatic biota, and generally increasing the
quality of water in the stream (Hayashi and Rosenberry, 2002; Hester and Gooseff,
2010).The intermittent drying of streams has been shown to have adverse effects on the
structure of river food webs by decreasing food chain lengths and/or decreasing the total
number of species within the food chain (Sabo et al., 2010).
Groundwater withdrawals and the resulting declining water table also affect both
surface- and groundwater quality by altering the flowpaths between the alluvial aquifer
and surface waters (fig.4). Declining water-levels in the alluvial aquifer have resulted in
more streams losing water to the aquifer and increased areal recharge, therefore
increasing the potential for agrichemical, particularly nutrients, transport to shallow
groundwater. The decline in the water table over the past 20 years has decreased the
likelihood of infiltrated water being transported laterally in the shallow subsurface to
nearby streams and ditches. This has led to deeper transport and greater quantities of
agricultural chemicals reaching the alluvial aquifer (Perkins et al., 2011). As ground4

water-levels decline and move below the streambeds, groundwater discharge to streams
has declined to the point that many streams in the Delta are presently net losing streams
throughout the year (fig. 4; Barlow and Clark, 2011; Coupe et al., 2012). In addition the
Mississippi River, which in the past was a net importer of water from the alluvial aquifer,
is now a net exporter of water to the alluvial aquifer (fig. 4). This has increased the
vulnerability of the alluvial aquifer to agricultural chemicals that are being transported in
the Mississippi River from other areas.
Concurrent with changes in flow paths to and from the alluvial aquifer,
Mississippi was recently identified, along with eight other states, as one of the largest
contributors of total nitrogen and phosphorus fluxes to the Gulf of Mexico (Alexander et
al., 2008; Robertson et al., 2009). These increased nutrient loads contribute to increases
in eutrophication and an expanding hypoxic zone in the northern Gulf of Mexico
(Goolsby and Battaglin, 2001; Rabalais et al., 1996; Rabalais and Turner, 2001). Within
Mississippi, the Yazoo River Basin drains the rich agricultural area of the Mississippi
River alluvial plain in northwestern Mississippi into the Mississippi River and ultimately
into the Gulf of Mexico. The close proximity of The Yazoo River Basin to the Gulf of
Mexico generally leads to the assumption that any nitrogen (N) entering the Mississippi
River from the Yazoo River Basin is transported conservatively to the Gulf of Mexico.
The Big Sunflower River Basin, located within the Yazoo River Basin, is susceptible to
large annual inputs of N from agriculture, atmospheric deposition, and point sources.
Recent publications imply that N, once it enters the surface waters of the Big Sunflower
River Basin, acts conservatively and does not undergo significant denitrification
(Alexander et al., 2008; Robertson et al., 2009). The management implication is that if
5

one molecule of N can be prevented from reaching a stream in the Yazoo River Basin,
then that is one less molecule of N reaching the Gulf of Mexico. The denitrification rates
used in these papers are calculated from all available data, which unfortunately does not
include any studies from the flat, humid, and semi-tropical Yazoo River Basin. The
majority of the U.S. studies are from the upper Midwest with much different topography,
climate, and crops (Böhlke et al., 2004; Böhlke et al, 2009). The two major variables that
affect denitrification rates in streams (other than the concentration of dissolved oxygen)
are temperature and stream velocity, both of which will be much different in the Big
Sunflower River Basin compared to the upper Midwest. The differences, slower stream
velocities and higher temperatures, could increase the denitrification rates in the Big
Sunflower River Basin compared to basins in the upper Midwest.
Another important mechanism controlling the transport of nitrate is the exchange
of surface water with the benthic zone of the streambed. Streambeds are effective filters,
buffering the transport of contaminants through the streambed interface (Hayashi and
Rosenberry, 2002; Hester and Gooseff, 2010), and generally have low oxygen
environments conducive to denitrification (Tesoriero et al., 2005; Bernot et al., 2006;
Mehnert et al., 2007; Gu et al., 2007; Puckett et al., 2008; Duff et al., 2008; Kennedy et
al., 2009). Additionally, the alluvial aquifer, underlying the Delta, is generally anoxic
with iron/sulfate reducing conditions. And while nitrate is almost always detected in
Delta streams, it is rarely detected in groundwater samples from the alluvial aquifer
within the basin (Coupe, 2001; Landreth, 2008). Thse two issues, instream processing
and the effects of groundwater/surface-water exchange need to be looked at together over
a range of scales to determine the relative effects of each process. If there is significant
6

instream processing of, or removal by, streambed processes of nitrogen in the Big
Sunflower River Basin, then the managed implication is that there is no longer a one to
one correspondence of nitrogen molecules reaching the Gulf of Mexico. It is now many
nitrogen molecules reaching the streams and only one molecule reaching the Gulf of
Mexico. This would imply that the Big Sunflower River has an inherent assimilation
capacity and management scenarios for the reduction of nitrogen being transported to the
Gulf of Mexico would need to be much different.
Based on the above observations, it is hypothesized that declining water-levels in
the alluvial aquifer have led to a greater proportion of time and space in which streams
are losing water to the alluvial aquifer and that nitrogen transported through the
streambed in the form of nitrate, is likely removed from the system via denitrification
because of the reducing/anoxic conditions in the streambed and alluvial aquifer. In order
to investigate this hypothesis, the following objectives will be undertaken: 1.) Determine
the movement of water between streams in the Big Sunflower River Basin and the
alluvial aquifer; 2.) Determine how the exchange between streams in the Big Sunflower
River Basin and the alluvial aquifer has been affected by declining water levels in the
alluvial aquifer; 3.) Determine the role of groundwater/surface-water interaction on
nitrogen dynamics, particularly the transport of nitrate in the Big Sunflower River Basin;
and 4.) Determine how nitrogen dynamics have changed in response to declining water
levels within the alluvial aquifer and subsequent loss of baseflow to the Big Sunflower
River.
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Figure 1

Location of study area, extent of Mississippi Embayment Regional Aquifer
Study (MERAS).

Groundwater flow model, approximate extent of cone of depression, and locations of
wells for which hydrographs are shown in figure 3.
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Figure 2

Principal aquifers of the United States with the five highest withdrawal
rates in 2000. Withdrawal rates are from Maupin and Barber, 2005

9

Figure 3

Hydrographs for selected wells screened in the alluvial aquifer in
northwestern Mississippi.

See figure 1 for well locations.
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Figure 4

Annual groundwater budget for the alluvial aquifer underlying the
Mississippi Delta in 1870 (predevelopment) and 2007. Figure modified
from Barlow and Clark, 2011 and Coupe et al., 2012.

Values are in km3 per year, negative values indicate water leaving the aquifer (orange
arrows), positive values indicate water entering the aquifer (green arrows).
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Figure 5

Annual minimum daily discharge of the Big Sunflower River at Sunflower,
Mississippi from 1955 to 2009, and cumulative estimated storage loss in
the area of the cone of depression in the alluvial aquifer as determined by
the Yazoo Mississippi Delta Joint Water Management District in
northwestern Mississippi from 1988 to 2009 (YMD, 2010).
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Figure 6

Dry streambeds during the summer months due to lack of base flow at

(A) Big Sunflower River at Sunflower, Mississippi, and (B) Bogue Phalia River near Leland, MS.

13
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GROUNDWATER AND SURFACE-WATER EXCHANGE AND RESULTING
NITRATE DYNAMICS IN THE BOGUE PHALIA BASIN IN
NORTHWESTERN MISSISSIPPI

(Previously published in the Journal of environmental quality, 2012, 41(1), 155–
169)
Introduction
Groundwater/surface-water (GWSW) exchange processes provide many
ecosystem services such as maintaining baseflow in streams, regulating stream
temperature regimes for aquatic biota, and buffering the transport of contaminants
through the streambed interface (Hayashi and Rosenberry, 2002; Hester and Gooseff,
2010). The ability of GWSW exchange processes to provide these ecosystem services is
dependent upon the hydrologic and physiochemical characteristics of each GWSW
system. One such ecosystem service that has received extensive research is the role that
GWSW exchange processes play in nitrogen cycling and the transport of nitrate through
the streambed (Tesoriero et al., 2005; Bernot et al., 2006; Mehnert et al., 2007; Gu et al.,
2007; Puckett et al., 2008; Duff et al., 2008; Kennedy et al., 2009). In agricultural
settings, nitrate is a ubiquitous contaminant due to both the application of inorganic and
organic fertilizers to agricultural fields and nitrate’s general persistence in oxygenated
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aqueous environments (Denver et al., 2010; Domagalski et al., 2008; Green et al., 2008;
Puckett and Hughes, 2005; Coupe, 2001; Nolan and Stoner, 2000).
Studies examining the transport of nitrate through the streambed typically couple
estimates of flux through the streambed interface and water-quality data to assess the
total mass of nitrate moving through the streambed and the processes affecting nitrate
transport, such as nitrification and denitrification. For the most part, these studies have
focused on the role of groundwater in transporting nitrate to the stream and the role the
streambed plays in the removal of nitrate from groundwater before it discharges to the
stream (Hinkle et al., 2001; Mehnert et al., 2007; Puckett et al., 2008; Kennedy et al.,
2009). To date, there have been few, if any, agricultural studies located in a setting
where nitrate was almost always present in the stream but rarely detected in groundwater.
The Bogue Phalia, a stream in northwestern Mississippi, located in an agricultural area,
has these characteristics. Nitrate is almost always detected in the Bogue Phalia but has
never been detected in shallow groundwater samples within the basin (Coupe, 2001;
Landreth, 2008). This finding would suggest either a lack of GWSW exchange (or
predominantly gaining rather than losing stream conditions) or that the conditions in the
aquifer and/or streambed permit the removal of nitrate as surface water moves through
the streambed during losing periods.
My objective is to documents GWSW exchange for 18 months at one site on the
Bogue Phalia and presents results of a study to determine the influence of this exchange
on the fate and transport of nitrate. GWSW exchange was modeled using heat as a tracer
and then coupled with water-quality data collected from the stream, as well as from nearstream and in-stream piezometers installed along a flowpath perpendicular to the stream.
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Results from this study meet the following objectives of my dissertation: 1.) Determining
the movement of water between streams in the Big Sunflower River Basin and the
alluvial aquifer and quantifying; and 3.) Determining the role of groundwater/surfacewater interaction on nitrogen dynamics, particularly the transport of nitrate in the Big
Sunflower River Basin. The Bogue Phalia site was chosen due to its location near the
Bogue Phalia’s confluence with the Big Sunflower River and close proximity to a U.S.
Geological stream gage. Additionally, the site is located to the west of the alluvial
aquifer cone of depression and representative of stream reaches within in the Big
Sunflower Basin in which groundwater level declines have altered flow through the
streambed.
Background
In 2005, the USGS National Water Quality Assessment Program (NAWQA)
began an Agricultural Chemical Transport Study (ACT) within Mississippi’s Bogue
Phalia Basin with the objective of gaining a better understanding of the fate and transport
of agricultural chemicals (Capel et al., 2008). The Bogue Phalia Basin is located in
northwestern Mississippi in the Mississippi Alluvial Plain, locally referred to as the Delta
(fig. 7). The Mississippi Delta, once a floodplain to the Mississippi River covered with
hardwoods and marshland, is now a highly productive agricultural region of large
economic importance to the state. Fertile soils, a long growing season, more than 132 cm
average annual rainfall, and a productive alluvial aquifer make this region a prime area
for agriculture. Primary crops grown in this region include soybean, corn, cotton, and
rice.
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The principal aquifer of interest in this region is the Mississippi River alluvial
aquifer (alluvial aquifer). This aquifer is considered to be a confined aquifer, with the
confinement penetrated locally by streams. Recharge from infiltration typically is low
due to the overlying clay and fine-grained material in the upper part of the aquifer.
Previous studies have reported recharge rates of 6.6 cm/yr, or 5 percent of the average
annual rainfall that falls on this region (Arthur, 2001). Historically, the regional
groundwater flow path was composed of two flow components, flowing from the north to
the south and from the east and west peripheries toward the center of the Delta. These
flow paths generally followed the topography of the alluvial plain, which slopes from
north to south and is bounded by the levees of the Mississippi River on the west and
Bluff Hills on the east, both topographic highs relative to the interior of the Delta (Arthur,
2001). Presently, the regional groundwater flow path is intercepted by a large cone of
depression in the middle of the Delta, formed as a result of groundwater pumping for
irrigation. Within the Bogue Phalia Basin, which lies to the west of the cone of
depression, groundwater generally moves from the west to the east toward the cone of
depression.
The Bogue Phalia flows from north to south to its confluence with the Sunflower
River, which ultimately discharges into the Mississippi River (fig. 7). Most of the nearly
100-km length of the Bogue Phalia is incised through the surficial clay layer; however,
hydraulic connection with the alluvial aquifer is dependent on the incised depth of the
stream channel and water level in the alluvial aquifer. The study area transect is located
within a reach of the stream in which the channel is incised through the surficial clay
layer and is hydraulically connected to the alluvial aquifer. Previous surveys of GWSW
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interaction near the study transect have confirmed that the stream is hydraulically
connected for at least 2 km upstream (north) and downstream (south) of the study
transect. Streambed sediments in this area consist of loamy clays, with some loess at the
surface, grading to fine-to-medium sands about 2 m below land surface. In the absence of
rainfall or overland runoff, ground-water heads generally are higher than the stream
stage, and the reach is gaining (Barlow and Coupe, 2009).
Methods
Water-Level and Temperature Data
Beginning in late June 2005, five in-stream piezometers were installed along a
transect within the stream channel of the Bogue Phalia (BPTR1; figs. 7 and 8). The instream piezometers were installed to depths of about 2 m below the streambed interface
and located on the west bank (RB), west channel (RC), central channel (CC), east
channel (LC), and east bank (LB) of the stream. In-stream piezometers were made from
polyvinyl chloride (PVC) with an inner diameter of 5.20 cm and a screened interval of
15.24 cm. In April 2007, four additional shallow monitoring wells were installed at
depths from 9.8 to 12.2 m below land surface along potential flow paths on the west and
east side of the stream to assess the extent of GWSW exchange and its effect on
groundwater quality adjacent to the Bogue Phalia. Three of the near-stream shallow wells
(FS1, FS2, and FS3) were located on the west side of the stream and one (AR1) on the
east side of the stream (fig. 8). Near-stream shallow wells were also made from PVC with
an inner diameter of 2.5 cm and a 1.5-m screened interval at the bottom of each well. The
in-stream piezometers and near-stream shallow wells were sealed to prevent the inflow of
surface water during high flow and precipitation.
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All wells and piezometers were instrumented with pressure transducers, which
measured groundwater level and temperature at 15-minute intervals. Temperature
dataloggers were installed at fixed depths within the in-stream piezometers and recorded
temperature of the streambed at 15-minute intervals. According to the manufacturer’s
specifications, the temperature dataloggers have an accuracy of ±0.2°C; dataloggers were
also tested for quality assurance in the laboratory using a water bath and NIST
thermometer to ensure that each met the manufacturer’s specifications (Onset StowAway
Tidbit Data Logger). The stream water-level gage, Bogue Phalia near Leland, MS (USGS
station number 07288650), located downstream approximately 2.3 km, measured and
recorded stream stage and temperature every 15 minutes.
Water-Quality Data
Samples for water-quality analysis were collected from the stream, in-stream
piezometers, and near-stream wells using nationally consistent sampling protocols
(Koterba et al., 1995). To sample the streambed during high flow, drive points with an
inner diameter of 1.5 cm and a 2.3 cm-length screen were installed adjacent to the
screened interval of the right and left channel in-stream piezometers. Teflon tubing with a
0.5-cm diameter was attached to these drive points and extended to the bank so that they
would be accessible during high flow.
Samples for inorganic and nutrient analysis were filtered through a 0.45-µm pore-size
capsule filter, and cations were preserved with 7.5 N nitric acid. Samples were chilled on
ice and shipped for next-day delivery for analysis using approved analytical methods at
the USGS National Water-Quality Laboratory (NWQL) in Denver, CO. Dissolved
inorganic constituents were determined at the NWQL using atomic absorption,
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inductively-coupled plasma, ion-chromatography, ion specific electrode, and colorimetric
methods, as described in Fishman and Friedman (1989) and Fishman (1993). Alkalinities
were determined in the field at the time of sample collection using incremental titrations.
During sampling, field properties including temperature, pH, specific conductance, and
dissolved oxygen were measured using a multi-parameter sonde. Water-quality analysis
results for all constituents analyzed are available in Dalton et al. (2010). This study
focused primarily on nitrate and constituents related to reduction/oxidation (redox)
processes.
Quality-control data, including field blanks, replicate samples, and field-spiked
samples, were collected along with routine samples to ensure that unintended
contamination did not occur at any point in the sample collection and laboratory analysis.
Quality-control samples were collected for approximately 10% of all routine samples and
data indicate that unintended contamination did not occur throughout the study period
(USGS, 2006).
Groundwater/Surface-Water Model Development
The use of heat as a natural tracer has proven to be an effective method for
identifying and quantifying GWSW interactions (Lapham, 1989; Constantz, 1998;
Stonestrom and Constantz, 2003; Anderson, 2005; Burow et al., 2005; Constantz, 2008;
Essaid et al., 2008). Although heat is a non-conservative tracer, the physics of heat and
water transport through sediments is well defined and predictable for a range of
hydrologic settings (Blasch et al., 2007). Temperature data are relatively easy to collect
and provide insight into streambed processes, such as infiltration rates and groundwater
discharge to the stream. Numerical models, such as VS2DH used in this analysis, that use
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a form of the advection-dispersion equation to simulate energy transport, make analysis
of temperature data relatively simple (Healy and Ronan, 1996). VS2DH is a modification
of VS2DT (Healy, 1990), which was developed for simulating solute transport in variably
saturated porous media such as ephemeral streambeds or through the unsaturated zone
(Blasch et al., 2006; Constantz et al., 2001). Recent studies also have shown the
effectiveness of using heat to model energy transport to derive hydraulic properties of
alluvial aquifers and wetlands (Su et al., 2004; Burow et al., 2005, Eddy-Miller et al.,
2009). A previous study at the Bogue Phalia study site developed one-dimensional
models using VS2DH, which verified GWSW exchange, but did not include transport
processes (Barlow and Coupe, 2009).
For this study, I used a two-dimensional groundwater flow and heat transport model
was developed using VS2DH to quantify GWSW exchange for the period from April 11,
2007 through September 30, 2008. The model domain extends through the in-stream
piezometers, extending horizontally from the RB piezometer on the west side of the
stream to LB piezometer on the east side of the stream and vertically to the depth of each
in-stream piezometer (approximately 2 m below the streambed interface) (figs. 8 and 9).
Total area for the model domain was approximately 40 m wide by 3 m deep with grid
spacing of 0.15 m by 0.15 m.
VS2DH requires three main input categories for model development: boundary
conditions, textural information, and the location of observation points. Daily head
(groundwater level and stream stage) and temperature values were specified for each
boundary (fig. 9). Daily head and temperature values were derived by averaging the 15minute data collected by the stream gage, transducers, and temperature recorders.
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Temperature data for the upper streambed boundary were obtained from the stream gage.
Barlow and Coupe (2009) determined that stream temperatures at the stream gage and
BPTR1 did not differ significantly from one another. Stream stage at BPTR1 was
determined using the U.S. Army Corps of Engineers Hydrologic Engineering Centers
River Analysis System (HEC-RAS; U.S. Army Corps of Engineers, 2010) to model the
stream reach between a bridge crossing just upstream of BPTR1 and the stream gage
located 2.3 km below BPTR1. The slope for this reach of the relatively flat Bogue Phalia
is about 5 cm/km. Stream channel geometry data for the HEC-RAS model was gathered
from acoustic Doppler current profiler (ADCP) measurements and stream habitat surveys
conducted on this reach of the stream. Head data for the horizontal side and bottom
boundaries of the heat transport model were from the pressure transducers located within
the screened interval of each in-stream piezometer (RB, RC, CC, LC, and LB).
Temperature data from the pressure transducers were used for the bottom boundaries, and
temperature data from the temperature recorders in RB and LB were used for the
horizontal side boundaries, which were divided into three segments to simulate the
vertical temperature gradient along these boundaries.
Textural information was obtained from visual observations of the streambed material
at the time of piezometer installation. The streambed is primarily fine-to-medium sand
with some silt and clay. A clay unit was observed in the middle of the stream channel
and extended vertically to almost 1.5 m below the streambed interface. Fluctuations of
temperature and head data from the center piezometer appear dampened relative to the
other in-stream piezometer data, evidence of the lower thermal and hydraulic properties
of the clay in this part of the streambed. Default values for medium sand and clay from
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VS2DH’s graphical user interface, VS2DI, were used as initial values for all flow-related
parameters. Thermal transport-related parameters were obtained from published reports
(Table 1).
Observation points were set within the model domain at locations of known
temperature to ascertain model performance and uncertainty, as well as to estimate
parameters that are most sensitive within the model. Observation points within the model
domain are located coincident with the temperature dataloggers set at 100 cm below the
streambed interface within RC, CC, and LC piezometers (fig. 8). Model calibration was
performed by adjusting horizontal hydraulic conductivity (Khh) and anisotropy, or the
ratio of vertical conductivity, Kzz, to horizontal conductivity, Khh (Kzz/Khh) using the
nonlinear parameter estimation software package PEST (Doherty 2004) to achieve the
best match between simulated temperatures and observed temperatures (Table 1). Both
parameters, Khh and Kzz/Khh, were chosen for parameter estimation because they both
have the greatest sensitivity relative to other parameters within the VS2DH model
(Niswonger and Prudic, 2003).
Using the best fit values for Khh and Kzz/Khh, the measured-to-simulated
temperature can be compared both graphically and statistically (fig. 10). The correlation
coefficient, Pearson's r (r), and the Nash-Sutcliff (1970) efficiency coefficient (E) were
calculated to compare simulated and observed temperature values (fig. 10). The
correlation coefficient measures the covariance between the simulated results from each
scenario and the observed results recorded by the temperature recorders (Helsel and
Hirsch 1992). The Nash-Sutcliff efficiency coefficient measures how well the model is
able to predict the observed temperature by comparing the differences between measured
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and simulated temperatures (Nash and Sutcliff 1970). A perfect model is indicated by a
coefficient value equal to 1 in both cases. Values for r and E ranged from 0.95 to 0.96
and 0.88 to 0.90, respectively.
Discrepancies between the observed and measured temperatures are likely a result of
simplifications within the model, especially in regards to the distribution of textural zones
within the streambed. Keeping with the idea of parsimony, the streambed was modeled
as two homogeneous but anisotropic zones. In reality, the streambed is more likely
composed of heterogeneous gradational layers with varying hydraulic properties. Another
possible explanation for the observed to measured discrepancies is that a significant flow
component exists perpendicular to the model domain or along the stream in the direction
of stream flow. VS2DH is a 2-D model; therefore, only flow in the vertical and
horizontal directions are considered. Although the model domain was positioned
perpendicular to the stream length and along groundwater flow lines also perpendicular to
the stream length, it is possible that there is a flow component perpendicular to the model
domain and not represented in the 2-D model.
Estimates of Nitrate Loads in the Bogue Phalia
Daily values for stream nitrate concentrations were determined using LOADEST,
a program developed by the USGS to estimate constituent loads in streams (Runkel et al.,
2004). The Bogue Phalia has a long record of water-quality and flow data (1997 to
present), a prerequisite for the use of the LOADEST program. Nitrate loads for this
study were determined using a previously developed LOADEST model, described in
detail in Rebich et al. (2007). The 95 percent confidence intervals determined by
LOADEST were used to ascertain the uncertainty of the model and provide an upper and
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lower estimate of the average annual nitrate load within the stream during the study
period.
Results and Discussion
Groundwater/Surface-Water Exchange
Stream and piezometer water-level and temperature data aid in developing a
conceptual model of GWSW exchange processes and validate that GWSW exchange
occurs throughout the simulation (figs. 8 and 11). Gaining and losing water table profiles
(fig. 8) indicate that the groundwater level changes in response to stream stage and that a
horizontal gradient exists, which generally slopes from the west side of the stream to the
east side of the stream towards a cone of depression in the central Delta. In-stream
piezometer head distributions across the stream are more complex and likely reflect both
the west to east gradient and heterogeneity of streambed hydraulic properties (i.e. lower
heads beneath a clay zone in the center of the streambed). Based on head gradients
between stream and near-stream and in-stream groundwater levels, the stream transect is
gaining during low flows and losing during high flows (fig. 11). Head gradients during
losing periods are significantly larger than head gradients during gaining periods (mean
head gradient = -1.4 m/m during losing periods versus mean head gradient = 0.44 m/m
during gaining periods). These large gradients indicate greater movement of water
through the streambed interface. Changes in hydraulic gradient from positive (indicating
gaining conditions) to negative (indicating losing conditions) are accompanied by rapid
temperature changes in the in-stream piezometers due to stream water moving through
the streambed; however, temperature changes in the near-stream shallow wells are
seasonal due to the non-conservative nature of heat transport in groundwater. As
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groundwater moves along a flow path, heat is transferred to the solid matrix, which has
larger heat capacities. This results in both a dampening and lag time in groundwater
temperature fluctuations as the length of the flow path from the stream (the source of
temperature perturbations) increases (Constantz, 2008).
The combined effect of the horizontal and vertical gradients causes variability in
the head gradients from the west side to the east side of the stream because the
groundwater levels are higher on the west side than on the east side of the stream (fig. 8).
Assuming homogeneous hydraulic conductivity throughout the streambed, the relatively
larger vertical gradients observed on the east side of the stream indicate that, during
losing conditions, the potential exists for more water to move downward through the
streambed interface on the east side of the stream than on the west side. During gaining
conditions, the vertical gradient is smaller on the east side than the west side, indicating
that under homogeneous conditions more water potentially could move upward through
the streambed interface on the west side than on the east side.
Using the calibrated model, the flux rate and cumulative flux can be determined
through specified section of each model boundary (fig. 12). Flux is expressed here as
m3/day and represents the movement of water through the entire width of each boundary
multiplied by a 1-m unit length of streambed. Positive flux indicates water moving
through the boundary into the model domain, and negative flux indicates water moving
through the boundary out of the model domain. For example, the streambed flux is
positive during losing conditions (surface water moving down through the streambed
interface into the model domain) and negative during gaining conditions (groundwater
moving up through the streambed interface out of the model domain). In general, most of
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the water moves through the horizontal and streambed interface boundaries; whereas less
water moves through the bottom boundary. This predominance of horizontal flux versus
vertical flux likely is due to the anisotropy of the fine sand that makes up most of the
streambed sediments within the model domain (Table 1).
Streambed flux rates agree with the qualitative analysis of the head gradients and
thermographs with larger flux rates occurring during losing conditions (mean flux rate =
151 m3/day) than during gaining conditions (mean flux rate = -18 m3/day). Cumulatively,
the stream transect is losing (total flux into streambed per 1-m length stream channel =
30,091 m3) for the simulation period, although the stream transect is gaining for a larger
percentage of time than it is losing (56% and 44%, respectively). Mean residence times
per unit streambed were determined for gaining and losing conditions using the mean
flux rate and dividing it by 2 m, the average streambed thickness throughout the model
domain. Gaining and losing mean residence times per unit streambed were 4.4 d (106 h)
and 0.5 d (12 h), respectively.
The horizontal boundary flux output also agrees with the conceptual model in
that, although cumulatively, water moves out of both the east and west boundaries, more
water moves out through the east boundary than out of the west boundary (-19,990 m3
and -11,430 m3, respectively) (fig. 12). This is due to the hydraulic gradient of the water
table, which slopes from the west side of the stream downward toward the east side of the
stream inducing larger vertical gradients on the east side of the stream and creating a
heterogeneous flux pattern across the streambed interface (fig. 13). Because of the
heterogeneous flux rates across the streambed interface, it is possible for the total
streambed flux to be a negative value indicating gaining conditions; whereas the flux
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rates through the eastern part of the streambed interface are positive indicating losing
conditions. During gaining periods, groundwater from the west side of the stream
supplies most of the groundwater discharging to the stream. During losing periods, nearly
equal amounts of water move down through the east and west sections of the streambed
interface and through the horizontal boundaries. Therefore, the total amount of water
moving out of the east horizontal boundary is higher than the total amount moving out of
the west boundary due to the gradient-induced heterogeneous flux across the streambed
interface during gaining periods.
Results and estimates from VS2DH can be used with increased confidence to
assess the transport and fate of nitrate associated with GWSW exchange if water-quality
data support the streambed flux results. A qualitative means of assessing GWSW mixing
is to examine the relation of major anions and cations in the water (fig. 14). The Piper
diagram is an effective tool for indicating the extent of mixing occurring between stream,
streambed, and east and west near-stream groundwater. During gaining periods, stream
water chemistry shifts towards the water chemistry groupings of the streambed and nearstream groundwater on the west side of the stream. Most streambed samples were
collected from the in-stream piezometers during gaining periods due to accessibility;
however, this shift in stream water chemistry is in agreement with VS2DH results in that
most of the water discharging to the stream is from the west side of the stream through
the streambed interface. Near-stream groundwater samples from the east side of the
stream show a different chemical signature, dominated more by sulfate than the other
groupings. Results from VS2DH indicate that surface water moves predominantly out
toward the east side of the stream. One explanation for the higher sulfate concentrations
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measured in near-stream samples from the east side of the stream could be that the
movement of oxygenated stream water to the east side of the stream causes the oxidation
of HS- or pyrite. A by-product of these oxidation reactions is SO4=, and over time,
accumulation of SO4=, can occur, which would explain higher concentrations in
groundwater on the east side of the stream than on the west side of the stream. This
would require anoxic or oxygen-limited conditions within the aquifer, which are present
at this site and discussed further in the following section.
Fate and Transport of Nitrate through the Streambed
A significant amount of surface water has been shown to be moving into the
streambed, and then into the groundwater system. Nitrate is detected in nearly all stream
samples (n= 52, median concentration = 39.8 µmol/L; Table 2), although never detected
above laboratory reporting levels (< 2.8 µmol/L) in any of the in-stream or near-stream
piezometer samples (n=46). Stream nitrate concentrations typically were higher during
losing conditions than gaining conditions for the simulation period, which suggests
dilution of stream nitrate concentrations by groundwater, or that the major transport
mechanism of nitrate to the stream is overland runoff occurring during precipitationdriven high flow events (Table 2). An explanation for the lack of nitrate in the streambed
and groundwater samples is denitrification. Denitrification is a complex process and can
be difficult to measure and quantify; however, there are conditions that must be present
for denitrification to occur, and if denitrification is occurring, there will be chemical
endpoints that can be measured. Denitrification, or the reduction of NO3- to N2O or N2,
requires anoxic or oxygen-limited conditions, appropriate bacteria to oxidize organic and
inorganic compounds for energy, and available electron donors such as organic carbon.
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The reduction of NO3- to N2O or N2 is an example of the preferential sequence of
reduction reactions, commonly referred to as the terminal electron acceptor processes or
TEAPs (Korom 1992; Chapelle et al., 1995). The TEAPs typically progress in the
following order: O2 reduced to H2O, NO3- reduced to N2, Mn(IV) reduced to Mn(II), Fe
(III) reduced to Fe(II), SO4= reduced to HS-, and finally CO2 reduced to CH4
(methanogenesis) (Korom, 1992; Chapelle et al., 1995).
Redox conditions of the streambed and adjacent aquifer typically are anoxic, and
the dominant TEAP was determined to be either iron or sulfate reducing (McMahon and
Chapelle, 2008; Jurgens et al., 2009) (fig. 15). HS –, which is needed to distinguish
between iron and sulfate reducing conditions, was not measured; however, all near and
in-stream piezometers had a H2S odor during all sampling events, indicating the presence
of HS – and sulfate reducing conditions. Available redox constituent data (NO3-, Mn, Fe,
and SO4) from RB (in-stream piezometer on west side of stream), LC (in-stream
piezometer on east side of stream), and the stream were compared with streambed flux
throughout the simulation period to determine any relation between streambed flux and
changes in redox constituent concentrations over time (fig. 16). Stream concentrations of
SO4=, and to a lesser degree, Mn, generally increase during gaining periods due to the
higher concentrations of SO4= and Mn in groundwater discharging to the stream. Iron
concentrations in the stream remain relatively low because it is quickly oxidized to
insoluble oxides and hydroxides of Fe(III) in the presence of oxygen. Similarly, Mn(II)
oxidizes to Mn(IV) oxides in the presence of oxygen; however, the kinetics are not as
rapid.
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During periods when the stream transect is losing, concentrations of Mn and Fe
increase in RB; whereas SO4= concentrations generally decrease during losing conditions
(fig. 16). Increases in Mn and Fe concentrations can occur as a result of Mn(IV) and
Fe(III) acting as oxidizing agents/electron acceptors during denitrification (Korom, 1992;
McMahon and Chapelle, 2007). Decreases in SO4= concentrations can occur as a result
of the reduction of SO4= to HS- during denitrification. The changes in redox constituent
concentrations observed in RB likely are related to streambed flux with the absence of O2
and NO3- and concomitant increases in Mn and Fe concentrations and decreases in SO4=
concentrations corresponding to the reduction of O2, NO3- , Mn(IV), Fe(III), and SO4=.
In contrast to RB, concentrations of Mn, Fe, and SO4= decrease in LC when the
stream transect is losing. The decrease in Mn and Fe concentrations suggests a lack of
Mn(IV) oxides and Fe(III) oxide-hydroxides available for reduction within the
streambed, leaving SO4= reduction as the dominant terminal electron acceptor process
(Chapelle and Lovley, 1992). One possible explanation for the differences between RB
and LC in regards to the relation in redox constituents and streambed flux could be due to
heterogeneous flux patterns through the streambed. The in-stream piezometer, LC, is
located on the east side of the stream whereas RB is located on the west side of the
stream. Based on the head gradients and streambed flux results, during losing conditions
more stream water moves out through the east side of the stream, and during gaining
conditions more groundwater from the west side of the stream discharges to the stream.
Therefore, more stream water interacts with LC and the east side of the streambed, over
time potentially depleting the available Mn(IV) oxides and Fe(III) oxide-hydroxides in
the streambed; whereas RB and the west side of the streambed receive more groundwater,
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with potentially more Mn(IV) oxides and Fe(III) oxide-hydroxides available as electron
acceptors, moving along the west to east regional groundwater flow path and discharging
to the stream. Ultimately, the case for denitrification through the streambed is supported
by the changes in redox constituents relative to streambed flux, the anoxic conditions of
the streambed and adjacent groundwater, and the lack of any observed transport of nitrate
from the stream to the streambed during losing conditions.
Estimates of Nitrate Loss and Denitrification through the Streambed
To date, most studies examining the role of GWSW interactions on nitrate
transport reported that groundwater is contributing nitrate to surface water. These
studies typically focused on the removal of nitrate from groundwater as it discharges to
streams (Böhlke et al., 2004; Tesoriero et al., 2005; Gu et al., 2007; Duff et al., 2008;
Puckett et al., 2008; Kennedy et al., 2009). However, results from this study of the
Bogue Phalia show that groundwater in the Mississippi Delta does not contribute nitrate
to surface water, but instead is a factor in reducing the overall flux of nitrate in streams.
The amount of nitrate removed by the streambed can be determined by multiplying the
streambed flux by the nitrate concentration in the stream. Daily values for stream nitrate
concentrations were determined using LOADEST, a program developed by the USGS to
estimate constituent loads in streams (Runkel et al., 2004). Then, using the assumption
that nitrate is completely removed to a depth of 2 m below the streambed interface, the
nitrate flux into the streambed can be considered equal to the net mass of nitrate lost
through the streambed.
The average annual load carried in the stream throughout the model simulation
period (April 11, 2007 through September 30, 2008) was 464 T with an upper and lower
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95 percent confidence interval between 273 and 739 T. The average flux of water
through a 1-m length by 40-m width of streambed was 151 m3/d, or approximately
0.005% of the total flow in the stream. This finding suggests that for this stream reach
and study period, 0.005% of the total nitrate load in the stream was removed by
streambed processes during losing conditions. Using this percentage, the average annual
nitrate flux through the 1-m length by 40-m width of streambed was 0.023 T.

Assuming

that streambed conditions are homogeneous and stream nitrogen dynamics are static over
a 1-km reach of stream, the average annual nitrate loss through the streambed would be
about 5% of the total nitrate load in the stream throughout the simulation period. These
results imply that streambed processes have the potential to significantly affect nitrate
loads in the stream and this potential increases as the amount of water and nitrate in the
stream increase (fig. 17).
Estimates of denitrification rates were determined using methods presented by
Böhlke et al. (2009), which express denitrification as vertical denitrification flux per unit
area of streambed using the following equation adapted for this study:
Udenit = vsb × (NO3-sw - NO3-sb)

(1)

where Udenit is the vertical denitrification flux per unit area of streambed, vsb is the
vertical flux of water through 1 m2 area of streambed, NO3-sw is the nitrate concentration
of the stream, NO3-sb is the nitrate concentration of the streambed. Assuming that nitrate
is removed to a depth of 2 m below the streambed (NO3-sb = 0 µmol) and using the
LOADEST daily nitrate concentrations in the stream and VS2DH average daily
streambed flux values per m2 streambed, the maximum Udenit value was 1,358,399 µmol
N m-2 d-1 (56,600 µmol N m-2 h-1), and the average Udenit value was 278,734 µmol N m-2
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d-1 (11,614 µmol N m-2 h-1). By comparison, Udenit values calculated by Böhlke et al.
(2009) for agricultural streams in Illinois and Indiana draining the upper Mississippi
River Basin ranged from 0 to 4,000 µmol N m-2 h-1, an order of magnitude lower than the
rates estimated in this study. There are several possible explanations for the large
differences in Udenit values estimated in this study and the values reported by Böhlke et al.
(2009); one possible explanation could be related to the geochemical setting of each
study, in that this study is located in a setting with nitrate-free anaerobic groundwater,
whereas the streams studied by Böhlke et al. (2009) are located in settings with aerobic
groundwater that contains nitrate and has the potential to contribute nitrate to streams
during baseflow. Another explanation could be that flux rates through the streambed
surface are larger in this study due to large gradient-induced fluxes. These two factors
combined, anaerobic groundwater and higher flux rates through the streambed, could
explain the larger Udenit values estimated in this study. Estimates of denitrification rates
from this study likely are conservative estimates of the loss of nitrate in that they consider
only the net loss of nitrate between the streambed interface and 2 m below the streambed
interface, and do not consider small-scale processes that occur at the streambed interface.
The magnitudes of these rates indicate rapid denitrification is occurring at or below the
streambed interface, and that this is an important pathway for nitrate loss.
Conclusions
Unlike many parts of the country, groundwater in northwestern Mississippi does
not contribute nitrate to surface water, but rather is a factor in reducing the overall flux of
nitrate in streams. Estimates of streambed flux and water-quality data were coupled to
assess the total mass of nitrate moving through the streambed and to gain a better
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understanding of the effect of GWSW exchange on the transport of agricultural
constituents, such as nitrate. Streambed flux rates were determined to be higher during
losing conditions than during gaining conditions, and cumulatively, the stream is a losing
stream for the simulation period, although the stream was gaining for a larger percentage
of time than it was losing (56% and 44%, respectively). Nitrate was detected in nearly all
stream samples, but never detected above laboratory reporting levels in any of the
streambed or adjacent groundwater samples. Nitrate concentrations in the stream
generally were higher during losing conditions than gaining conditions for the simulation
period. The case for denitrification through the streambed is supported by the changes in
redox constituents relative to streambed flux, the anoxic conditions of the streambed and
adjacent groundwater, and the lack of any observed transport of nitrate from the stream to
the streambed during losing conditions. The net loss of nitrate through the streambed
over a 1-m length reach of stream for the time period April 11, 2007 through September
30, 2008 was on average 0.005% of the total nitrate load in the stream (almost 100 km in
length). Assuming that streambed conditions are similar over a 1-km reach of stream, the
average annual nitrate loss through the streambed was determined to be about 5% of the
total nitrate load in the stream. These results imply that streambed processes have the
potential to significantly affect nitrate loads in the stream and highlight the importance of
stream/aquifer interaction, an issue that is manifesting itself in northwestern Mississippi,
where reaches of many Delta streams go dry annually due to overuse of the alluvial
aquifer for irrigation (Barlow and Clark, 2011). The Bogue Phalia is one of the larger
rivers of the Yazoo River Basin, delivering water to the Mississippi River and ultimately
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to the Gulf of Mexico; therefore, stream nutrient loads and associated transport processes
are an important issue locally and nationally.
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Table 1

Final flow and transport parameter values used in VS2DH model; lower and
upper 95% confidence limits in parenthesis for parameters estimated using
PEST.
Textural Class
Medium sand final
Clay final value
value

Transport

Flow

Parameter

Anisotropy (Kzz/Khh)†

1.3x10-3
(6.9x10-4 - 1.8x10-3)

1.0
(0.76 - 1.2)

Horizontal Saturated Hydraulic
Conductivity (Khh), m/d†

96
(80 -1.1x101)

0.16
(0.11 - 0.22)

Effective Porosity††

0.38

0.43

Saturated Thermal Conductivity,
W/m°C††

2.2

1.4

Residual Thermal Conductivity,
W/m°C††

0.25

0.22

Heat Capacity (dry sediment)††

2.6x106

2.6x106

Heat Capacity (water)††

4.2x106

4.2x106

†Parameter value was estimated using PEST.
††Based on literature values (Stonestrom and Blasch, 2003; Niswonger and Prudic, 2003)
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Table 2

Summary of nitrate and redox-related data for the Bogue Phalia near Leland,
MS surface-water data-collection site throughout simulation period
(4/11/2007-9/30/2008).
Stream Condition

Gaining

Losing

Percentage of Time gaining/losing

56

44

Mean Residence Time (days per unit
streambed)

4.4

0.5

No. of Samples

22

28

Dissolved Oxygen (µmol/L)

222(432)

217(372)

pH††

7.7(8.2)

7(7.7)

Specific Conductance (µS/cm)††

481(705)

210(636)

26.6(104.7)

44.4(212.9)

Manganese (µmol/L)††

0.5(3.3)

0.15(2.95)

Iron (µmol/L)††

0.1(0.4)

0.4(1.4)

Sulfate (µmol/L)††

625(981)

203(863)

Nitrate (µmol/L)†

Concentrations are shown as the median value with the maximum value in parentheses.

† Indicates difference between gaining and losing concentrations are statistically significant at the
0.05 level.
†† Indicates difference between gaining and losing concentrations are statistically significant at
the 0.01 level.
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Figure 7
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Location of the study area within the Bogue Phalia Basin in northwestern Mississippi
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Figure 8

Study area cross section showing piezometer depths, screened interval, and
examples of gaining and losing water table and stream stage profiles.

FS1-FS3, west near-stream piezometers; RB, west bank in-stream piezometer; RC, west
channel in-stream piezometer; CC, center channel in-stream piezometer; LC, east channel
in-stream piezometer; LB, east bank in-stream piezometer; AR1, east near-stream
piezometer; BPTR1, groundwater/surface-water transect within Bogue Phalia stream
channel.

43

Figure 9

VS2DH model domain, specified boundary conditions, textural
distribution, and location of observation points.

Horizontal and bottom boundary labels denote in-stream piezometer from which head
data were obtained and depth of temperature recorder in cm (i.e. RB100 refers to RB
piezometer head and 100 cm temperature). Observation point labels (“obs”) denote instream piezometer and depth of temperature recorder from which observation data were
obtained. View of model domain is looking upstream into the page.
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Figure 10

Simulated and observed temperatures for the 100 cm depth observations
points within RC, CC, and LC piezometers.
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Figure 11

Thermographs and head gradient for a) in-stream piezometers and stream,
and b.) near-stream piezometers and stream at the Bogue Phalia near
Leland, MS between 4/11/2007 and 9/30/2008.
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Figure 12

Graphs showing a.) flux through each boundary throughout the simulation
period and b.) cumulative flux through each boundary for the simulation
period.
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Figure 13

Cumulative flux moving through each boundary section for gaining and
losing periods as determined by the calibrated VS2DH model.

Arrows indicate direction of flow; negative numbers indicate water moving out of the
model domain, positive numbers indicate water moving into the water domain. Black
lines indicate the relative direction and magnitude of velocity vectors. Examples of
simulated temperature profiles for gaining and losing stream conditions are shown for
dates 10/9/2007 and 6/20/2007, respectively.
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Figure 14

Piper diagram of stream and groundwater chemistry, April 2007 through
September 2008. Ellipses are shown only to identify location and have no
statistical significance.
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Figure 15

Study area cross section showing redox conditions, dominant terminal
electron acceptor process, piezometer depths, and screened interval.

Median concentrations of dissolved oxygen (DO in µmol/L), specific conductance (SC in
µs/cm), pH (in standard units), and nitrate (N in µmol/L) shown for each piezometer and
the stream.
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Figure 16

Scatter plots showing the relationship between streambed flux and RB, LC,
and stream redox constituents

NO3-, Mn(II), Fe(II), and SO4=. Negative streambed flux values indicate gaining
conditions (groundwater discharging into stream) and positive values indicate losing
conditions (stream water moving into streambed). Ellipses are shown only to identify
location and have no statistical significance.
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Figure 17

Estimates of the daily nitrate flux in the stream and through 1 km length of
streambed.
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OCCURRENCE AND TRANSPORT OF NITROGEN IN THE BIG SUNFLOWER
RIVER, NORTHWESTERN MISSISSIPPI, OCTOBER 2009–JUNE 2011

Introduction
Recently, nine states in the central United States were identified as the largest
contributors of nitrogen and phosphorus to the Gulf of Mexico (Alexander et al., 2008;
Robertson et al., 2009). These nutrients contribute to increases in eutrophication and an
expanding hypoxic zone in the northern Gulf of Mexico (Rabalais et al., 1996; Goolsby
and Battaglin, 2001; Rabalais and Turner, 2001). The fertile agricultural area of
northwestern Mississippi, commonly referred to as the Delta, is drained by the Yazoo
River, which flows into the Mississippi River and ultimately the Gulf of Mexico. The size
and close proximity of the Yazoo River Basin to the Gulf of Mexico has led to the
general assumption that any nitrogen entering the Mississippi River from the Yazoo
River Basin is transported conservatively to the Gulf of Mexico (Alexander et al., 2008;
Coupe et al., 2013).
The Big Sunflower River Basin, located within the Yazoo River Basin (fig. 18), is
subject to large annual inputs of nitrogen from agriculture, atmospheric deposition, and
point sources. Recent results from two Spatially Referenced Regressions on Watershed
attributes (SPARROW) models, which include the Big Sunflower and Yazoo Rivers,
indicate that minimal loss of nitrogen occurs in stream reaches that convey large flows,
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such as the main channels of river systems (Alexander et al., 2008; Robertson et al.,
2009; Rebich et al., 2011). The loss terms in these SPARROW models vary and use a
stream size classification that is based on flow percentiles. Results from both models
indicate that streams with large flows comparable to those of the Big Sunflower River
have negligible nitrogen loss; however, stream characteristics unique to the Big
Sunflower River that could affect nitrogen loss, namely,in-channel processing and
removal of nitrogen by streambed processes, may not be fully accounted for in the loss
terms of SPARROW models at this specific location. In-channel processing or losses of
nitrogen could be enhanced because of the relatively slower water velocity and warmer
stream temperatures in the Big Sunflower River compared to streams in the northern
parts of the Mississippi River Basin. Slower velocities could provide more time or greater
opportunity for losses to occur, and warmer temperatures could increase the rate at which
loss reactions occur.
The removal of nitrogen by streambed processes could be enhanced by a large
cone of depression in the alluvial aquifer that underlies the central reaches of the Big
Sunflower River, causing streamflow losses because of a lack of hydraulic connection
with the groundwater table (Barlow and Clark, 2011). The management implication is
that if 1 kilogram (kg) (2.205 pounds) of nitrogen can be prevented from reaching the
main channel of the Big Sunflower River, then 1 less kg of nitrogen would reach the Gulf
of Mexico. If the model is incorrect and in-channel processing of nitrogen is substantial,
or if nitrogen is removed by streambed processes in the Big Sunflower River Basin, then
the management implication is that the assumption of the 1-to-1 correspondence of
nitrogen reaching the Gulf of Mexico is incorrect.
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The U.S Geological Survey (USGS), in cooperation with the U.S. Army Corps of
Engineers, initiated a study in 2010 to characterize the occurrence and transport of
nitrogen in the Big Sunflower River Basin. The specific objective was to validate the
results from the two SPARROW models for the Big Sunflower River Basin, while also
providing further information about nitrogen transport within the Big Sunflower River
Basin, which contributes much of the water discharging from the Yazoo River Basin to
the Mississippi River. This investigation supported the USGS strategic science directions
in helping to understand ecosystems and predicting ecosystem change, in providing
information and forecasts of likely outcomes for water quality and aquatic ecosystem
health, and by providing data and information that can be used to protect and enhance
water resources.
Purpose and Scope
The purpose of this report is to describe the occurrence and transport of nitrogen
in the Big Sunflower River Basin. The study area includes part of the Big Sunflower
River Basin between Clarksdale, Mississippi (Miss.) and Anguilla, Miss. within the
Yazoo River Basin in northwestern Mississippi. Water samples and other pertinent data
were collected between October 1, 2009, and June 30, 2011. Spatial and temporal
variability of nitrogen in the Big Sunflower River Basin were assessed by analyzing
water-quality data from routinely collected water samples from 4 sites located on the Big
Sunflower River. Transport mechanisms of nitrogen once it enters the main channel of
the river were examined using routine and Lagrangian water-quality data collected from
16 sites located either on the Big Sunflower River or its major tributaries. Net loss of
nitrogen was assessed by comparing the flux of nitrogen to the flux of chloride, drainage
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area size, and results from two previously published national and regional SPARROW
models that assume no net loss of nitrogen within the main channel of the Big Sunflower
River. The hypothesis proposed and tested herein is that any net loss of nitrogen
occurring within the Big Sunflower River would result in a measurable decrease in the
mass or flux of total nitrogen relative to chloride flux (a conservative constituent),
drainage area, and (or) predicted total nitrogen fluxes. This study provides a broad spatial
assessment of nitrogen transport necessary to meet the following objectives from my
dissertation: 2.) Determine how the exchange between streams in the Big Sunflower
River Basin and the alluvial aquifer has been affected by declining water levels in the
alluvial aquifer; and 4.) Determine how nitrogen dynamics have changed in response to
declining water levels within the alluvial aquifer and subsequent loss of baseflow to the
Big Sunflower River.
Description of Study Area
Once a floodplain to the Mississippi River covered with bottomland hardwoods,
marshes, and wetlands, the Big Sunflower River Basin has been modified, resulting in an
agricultural region that is highly productive and economically important to the state of
Mississippi (Economic Research Service, U.S. Department of Agriculture, 2013). Fertile
soils, a long growing season, an average annual rainfall of more than 52 inches (in.), and
a plentiful source of irrigation water (the Mississippi River Valley alluvial aquifer) make
this region ideal for agriculture. Primary crops grown within the basin include soybean,
corn, cotton, and rice, and with the exception of the Panther Swamp and Dahomey
National Wildlife Refuges (fig. 18), row-crop agriculture is the dominant land use within
the basin.
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Hydrologic Setting
The Big Sunflower River Basin is the largest basin within the Yazoo River Basin
and encompasses approximately 4,200 square miles (mi2) (fig. 18). The Big Sunflower
River is one of the main tributaries of the Yazoo River, which drains into the Mississippi
River near Vicksburg, Miss. The Big Sunflower River flows through the center of the
Delta, which is the local term for the part of the Yazoo River Basin contained within the
predevoloped Mississippi River floodplain. From the gaging station farthest upstream, in
Clarksdale, Miss. (station 07288000), to the gaging station farthest downstream, in
Anguilla, Miss. (distance from Clarksdale = 160 miles (mi.); station 07288700, table 3),
the drainage area increases from 108 to approximately 2,600 mi2 and the median daily
streamflow increased from 37 to 6,809 cubic feet per second (ft3/s), during the study
period (fig. 19).
Two control structures are located on tributaries to the Yazoo River south of its
confluence with the Big Sunflower River, and both are used to prevent flooding of the
lower Yazoo River Basin by the Mississippi River during high-water periods (fig. 18).
Both control structures were constructed in 1969 in order to manage the flow of water
from the interior Delta to the Yazoo River. The first control structure, the Little
Sunflower River Drainage Structure (hereafter, LS Control Structure), is located between
the Little Sunflower Diversion Canal and Yazoo River and is approximately 40 mi
downstream from Anguilla. The structure is closed during normal operation but open
during periods of high flow along the Big Sunflower River. The second control structure,
the Steele Bayou Drainage Control Structure (hereafter, SB Control Structure), is located
between Steele Bayou and the Yazoo River and is approximately 15 mi downstream from
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the LS Control Structure. The SB Control Structure is open during normal operation,
allowing water to flow into the Yazoo River, but is closed during periods of high flow
along the Mississippi River to prevent flooding in the Yazoo River Basin.
The Big Sunflower River incises the Mississippi River Valley alluvial aquifer
(hereafter referred to as the alluvial aquifer), which is the principal aquifer for the region.
Historically, the regional groundwater flow path of the alluvial aquifer was composed of
two components that flowed from the north to the south and from the eastern and western
peripheries toward the center of the Delta. These flow paths generally followed the
topography of the alluvial plain, which slopes from north to south and is bounded by the
levees of the Mississippi River to the west and the Bluff Hills to the east, both
topographic highs relative to the interior of the Delta (Arthur, 2001). Presently, the
regional groundwater flow path is intercepted by a large cone of depression in the middle
of the Delta that formed in the alluvial aquifer as a result of groundwater withdrawals for
irrigation. Streamflow in the Big Sunflower River has been altered in this area by loss of
base flow because of declining water levels in the underlying alluvial aquifer (Barlow
and Clark, 2011).
Nitrogen Sources
Nitrogen load within the Big Sunflower River Basin is primarily from fertilizer
application and atmospheric deposition, with smaller amounts from urban runoff, point
sources, and manure (fig. 20). Atmospheric deposition can be assumed to be relatively
evenly distributed within the scale of the Big Sunflower River Basin. Fertilizer
application varies by crop type; however, the distribution of the dominant crops (soybean,
corn, cotton, and rice) is fairly homogeneous throughout the basin (fig. 21). Therefore, it
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was assumed in this study that (1) sources of nitrogen are relatively uniform within the
study area, and (2) measured differences of nitrogen in the water column are potentially
related to transport, delivery, and processing (that is, denitrification, immobilization, and
mineralization).
Nitrogen Cycling
Nitrogen is required by all organisms for basic processes because it is an element
that is present in all amino acids. Nitrogen exists in organic and inorganic forms; the
inorganic form is available for use by plants and microbes, and the organic form is
generated when plants and (or) microbes assimilate inorganic nitrogen, converting it to
organic nitrogen. Nitrogen is one of the most abundant elements on Earth but not readily
available biologically because the majority of nitrogen is present as N2, an inert gas
unavailable for use by organisms. Fixation, defined as the conversion of nitrogen gas to
an inorganic state, must occur before it is available for biological use. Reactive, or
biologically available, nitrogen is naturally produced by lightning and biological nitrogen
fixation, and did not accumulate in the environment prior to anthropogenic inputs
(Seitzinger et al., 2006). Global increases in reactive nitrogen caused by increases in the
amount of nitrogen fixing crops, fossil fuel combustion, and fertilizer production, have
led to its accumulation in the environment. This accumulation of reactive nitrogen can
have detrimental ecological and human health effects, such as the development of the
zone of hypoxia in the northern Gulf of Mexico each summer as a result of nutrient input
from the Mississippi River (Rabalais and Turner, 2001). These effects are compounded as
reactive nitrogen is transported from one part of the environment to another, an effect
referred to as the nitrogen cascade (Galloway et al., 2003). The nitrogen cascade
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describes the movement of reactive nitrogen through the Earth’s atmosphere,
hydrosphere, and biosphere, and the multiple effects that reactive nitrogen can have on
terrestrial, freshwater, and marine systems, as well as human health, as it moves through
the environment. In this study, the focus is on the fate and transport of nitrogen from an
agricultural landscape to a freshwater system, the Big Sunflower River, as well as
subsequent transport farther downstream.
Agricultural systems receive 75 percent of anthropogenic reactive-nitrogen inputs,
and although the majority is assimilated by crops; some nitrogen is lost through transport
to other areas (Galloway et al., 2003). The fate of this nitrogen depends on the residence
time and denitrification potential within the area (Seitzinger et al., 2006). Denitrification,
or the reduction of nitrate (NO3-) to nitrous oxide N2O or nitrogen gas (N2) is responsible
for removing nearly all reactive nitrogen moving through aquatic ecosystems.
Denitrification requires anoxic or oxygen-limited conditions, appropriate bacteria to
oxidize organic and inorganic compounds for energy, and available electron donors such
as organic carbon (Delwiche and Bryan, 1976; Seitzinger et al.., 2006). Immobilization
also reduces the amount of inorganic nitrogen by converting inorganic nitrogen into
organic nitrogen; this process can be reversed, however, through mineralization or
ammonification (Galloway et al., 2003).
Methods
Description of Sampling Sites
Data for this study were collected from 16 sites along the Big Sunflower River, 2
of its tributaries, and 1 site located downstream of the Big Sunflower River Basin (fig. 18
and table 3). Of these sites, 4 are continuous streamgages, described next, that record and
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transmit stream stage and streamflow. Additionally, 3 of the 4 surface-water gages are
coupled with nearby piezometers that record and transmit groundwater-level data in
conjunction with the surface-water data just described (fig. 18).
Big Sunflower River at Clarksdale, Mississippi
The Big Sunflower River at Clarksdale, MS streamgage (site number 1, table 3) is
near the headwaters of the Big Sunflower River within the city of Clarksdale. The
channel is cut into the alluvial aquifer, consisting of silt and fine-grained sand. The
gaging station at Clarksdale has a drainage area of 108 mi2. Mean daily streamflow
during the study period ranged from 5.9 to 4,630 ft3/s and averaged 172 ft3/s. The stream
channel is approximately 15 feet (ft) deep and 240 ft wide at bank full.
Big Sunflower River near Merigold, Mississippi
The Big Sunflower River near Merigold, MS streamgage (site number 7, table 3)
is located approximately 47 mi downstream from the gage at Clarksdale. The channel is
cut into alluvium consisting of fine- to medium-grained sand. The gaging station at
Merigold has a drainage area of 553 mi2. Mean daily streamflow during the study period
ranged from 22.3 to 6,510 ft3/s and averaged 834 ft3/s. The stream channel is
approximately 20 ft deep and 230 ft wide at bank full.
Big Sunflower River at Sunflower, Mississippi
The Big Sunflower River at Sunflower, MS streamgage (site number 11, table 3)
is located in the central part of the Big Sunflower River Basin and is approximately 84 mi
downstream from the gage at Clarksdale. The channel is cut into alluvium consisting of
fine- to medium-grained sand. The gaging station at Sunflower has a drainage area of 767
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mi2. Mean daily streamflow during the study period ranged from 20.1 to 6,570 ft3/s and
averaged 1,050 ft3/s. The stream channel is approximately 30 ft deep and 255 ft wide at
bank full.
Big Sunflower River near Anguilla, Mississippi
The Big Sunflower River near Anguilla, MS stream-gage (site number 16, table 3)
is located in the southern part of the Big Sunflower River Basin and is approximately 160
mi downstream from the gage at Clarksdale. The channel is cut into alluvium consisting
of silt and fine-grained sand. The gaging station near Anguilla has a drainage area of
2,579 mi2. Mean daily stream-flow during the study period ranged from 367 to 25,200
ft3/s and averaged 8,290 ft3/s. The stream channel is approximately 30 ft deep and 600 ft
wide at bank full.
Sample Collection and Analysis
In order to characterize spatial and temporal variability of nitrogen in the Big
Sunflower River Basin, water samples were collected from 16 sites located either on the
Big Sunflower River or on major tributaries to the Big Sunflower River between October
1, 2009, through June 1, 2011 (fig. 18). Samples were collected at near-monthly intervals
at each of the stream-gages along the Big Sunflower River except the Merigold streamgage, which was sampled less frequently (table 3). Additionally, during June of the 2010
water year, two depth-integrated samples were collected, and dissolved oxygen was
measured throughout the water column at a site on the Little Sunflower Diversion Canal
(site number 17, fig. 1, table 3) 6 mi upstream of the SB Control Structure and 46 mi
downstream from the Big Sunflower near Anguilla stream-gage. Samples and
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measurements of dissolved oxygen were collected before the SB Control Structure was
closed and 8 days after it was closed. All samples were collected according to established
procedures described in the USGS National Field Manual for the Collection of WaterQuality Data (U.S. Geological Survey, variously dated).
Water samples were analyzed for nutrients (nitrate plus nitrite, ammonia, organic
nitrogen, and total nitrogen) and chloride; physical properties (dissolved oxygen, pH,
specific conductance, temperature, turbidity, and alkalinity) were measured during
sample collection. Samples for inorganic and nutrient analysis were filtered through a
0.45-micrometer (µm) pore-size capsule filter, and cations were preserved with 7.5-N
nitric acid. Samples were then chilled on ice and shipped by means of next-day delivery
for analysis using approved analytical methods. Samples were sent to either the USGS
National Water-Quality Laboratory (NWQL) in Denver, Colorado or the Mississippi
Department of Environmental Quality (MDEQ) laboratory in Pearl, Mississippi.
Concentrations of chloride, ammonia, nitrate plus nitrite, and ammonia plus organic
nitrogen were determined at both labs using atomic absorption, inductively-coupled
plasma mass spectrometry, ion-chromatography, ion specific electrodes, and colorimetric
methods, as described in Fishman and Friedman (1989) and Fishman (1993).
Concentrations of organic nitrogen for each sample were calculated by subtracting the
concentration of ammonia from the concentration of ammonia plus organic nitrogen.
Concentrations of total nitrogen for each sample were calculated by summing the
concentrations of ammonia, nitrate plus nitrite, and organic nitrogen.
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Lagrangian Sampling
Water samples from the Big Sunflower River Basin were collected using a
Lagrangian sampling scheme, which attempts to follow a single mass of water through
time in order to determine how it changes through processing or other pathways as the
water moves downstream (Moody, 1993; Battaglin et al., 2001). Travel times between
sampling locations were estimated by measuring the discharge and average velocity of
upstream locations. Stream-flow data collected at each of the continuous gages were also
used to aid in travel time estimation. Lagrangian sampling was conducted at various
times and scales in order to quantify total nitrogen transport along the Big Sunflower
River and along tributaries that flow into the Big Sunflower River. Because of the size of
the Big Sunflower River, stream-flow was monitored using the three existing streamgages in the Big Sunflower River Basin and by taking intermittent stream-flow
measurements throughout the sampling effort to ensure that samples were collected at the
appropriate time. From April through August of 2010, Lagrangian sampling was
conducted five times on the Big Sunflower River from Clarksdale, Miss. to Anguilla,
Miss. (fig. 1): (1) April 8–April 21, 2010, (2) May 12–June 3, 2010, (3) June 15–July 1,
2010, (4) August 23–August 30, 2010, and (5) May 16–May 20, 2011. These periods
were chosen because they represent the majority of the growing season in the Mississippi
Delta, and almost all fertilizer is applied during this period.
In May 2011, Lagrangian samples were collected on the upper end of the Big
Sunflower River, beginning in Clarksdale, Miss. (site 1) and ending in Sunflower, Miss.
(site 11) (fig. 1, table 1). Additional sites were sampled during this effort, along with
those sampled during the previous Lagrangian sampling efforts (fig. 18), in order to
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further quantify the transport of nitrate throughout this reach. With the exception of the
August 2010 sampling effort, sampling began at the site at the top of the reach
(Clarksdale) and continued downstream to the end of the reach (Anguilla or Sunflower).
Because of logistical constraints during the August 2010 sampling effort, it was not
feasible to sample the entire reach between Clarksdale and Anguilla in a timely manner.
Therefore, beginning on August 23, 2010, three Lagrangian sampling efforts were
conducted simultaneously on three sub-reaches between Clarksdale and Anguilla; one
between Clarksdale and Merigold (Reach 1), a second between Merigold and Indianola
(Reach 2), and a third between Indianola and Anguilla (Reach 3).
Statistical Analysis
The Kruskal-Wallis statistical test was used to determine if there were significant
differences among median values of nitrogen concentrations between sites and sampling
events on the Big Sunflower River (Helsel and Hirsch, 1992). The Kruskal-Wallis test is
a nonparametric test and was used in this assessment because the water-quality data may
not be normally distributed. A probability level of 5 percent (ρ < 0.05) was chosen as the
level of significance between sample populations. Tukey’s multiple comparison test
(Helsel and Hirsch, 1992) was then used to determine which population differed
significantly from the others. Boxplots were also created for each constituent and
physical property measurement to visually compare each group of data with others.
Scatterplots were used to visually assess the relationships of different variables, and
correlation coefficients were determined for certain constituents within each group. In
order to determine the presence of any significant correlation between physical properties
measured during sample collection and concentrations of nitrogen, correlation
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coefficients (Pearson's r) and their significance were determined between concentrations
of each form of nitrogen and each physical property of interest.
Occurrence of Nitrogen in the Big Sunflower River
Between October 1, 2009, and June 30, 2011, a total of 95 samples were collected
at four stream-gages along the Big Sunflower River (listed here in downstream order):
Clarksdale, Merigold, Sunflower, and Anguilla. Samples were collected over a range of
stream-flow conditions, which were generally within the total range of stream-flow
conditions for the study period (fig. 22). Graphs of stream-flow and the concentrations of
total nitrogen and each of its components, organic nitrogen, ammonia, and nitrate plus
nitrite, indicate both temporal and spatial patterns in these concentrations as well as
temporal variation in stream-flow at each site (fig. 23). Nitrogen concentrations were
generally highest at each site during the spring of the 2010 water year and fall and winter
of the 2011 water year. In addition, the dominant form of nitrogen varies by site. For
example, in samples collected from the most upstream site (Clarksdale), the
concentration of organic nitrogen was generally higher than the concentrations of
ammonia and nitrate plus nitrite; however, nitrate plus nitrite concentrations were
generally higher than concentrations of organic nitrogen and ammonia in samples
collected farther downstream at the Sunflower and Anguilla sites.
Spatial Comparisons
Nitrogen concentrations for all sites ranged between of 0.065 and 4.9 mg/L for
total nitrogen, <0.07 and 3.3 mg/L for organic nitrogen, <0.04 and 0.42 mg/L for
ammonia, and <0.02 and 3.44 mg/L for nitrate plus nitrite (fig. 23) . Statistical
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comparisons of nitrogen concentrations were limited to samples collected only at the
Clarksdale, Sunflower, and Anguilla sites; Merigold was excluded because of the low
number of samples collected at that site. Concentrations of total nitrogen, ammonia, and
nitrate plus nitrite differed significantly (ρ<0.05) between at least 2 of the 3 sites, whereas
organic nitrogen concentration did not differ significantly between any of the sites (fig.
24). Median concentrations of total nitrogen and nitrate plus nitrite in samples collected
from the 3 sites increased between Clarksdale and Anguilla. In contrast, the median
concentration of ammonia was highest in samples collected from Clarksdale and
concentrations of organic nitrogen were comparable between sites, indicating that the
increase in the median concentration of total nitrogen between Clarksdale and Anguilla is
related to increases in nitrate plus nitrite concentration and not related to variation in
organic nitrogen or ammonia concentration. Further study would be required to determine
the source of nitrate plus nitrite to the Big Sunflower River, which probably occurs
between Clarksdale and Sunflower.
Of the three forms of nitrogen measured, median concentrations of organic
nitrogen and nitrate plus nitrite were an order of magnitude higher than concentrations of
ammonia and composed the majority of total nitrogen in all samples (fig. 24). The ratio
of the concentration of each form of nitrogen to the concentration of total nitrogen,
referred to as percent organic nitrogen, percent ammonia, and percent nitrate plus nitrite,
differed significantly among sites (fig. 24). Generally, percent organic nitrogen decreased
and percent nitrate plus nitrite increased between Clarksdale and Anguilla. Ammonia
generally composed less than 10 percent of the total nitrogen in samples collected from
all sites except Clarksdale, where the median was 14 percent—the highest of all sites.
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Seasonal Comparisons
The seasonality of nitrogen concentrations in the Big Sunflower River is indicated
by the time-series plots of each form of nitrogen (fig. 23) and box plots showing nitrogen
concentrations and the ratio of each form of nitrogen to total nitrogen, grouped by season
(fig. 25). Overall, results from the Kruskal-Wallis test indicate that concentrations of total
nitrogen in the Big Sunflower River were not significantly different between seasons
(ρ=0.1311), although the median concentration of total nitrogen was highest during the
spring. Concentrations of organic nitrogen, ammonia, and nitrate plus nitrite were
significantly different between at least two seasons. Median concentrations of ammonia
and nitrate plus nitrite were highest during the winter and spring months, whereas median
concentrations of organic nitrogen were highest during the fall and spring months,
indicating a potential difference in source between ammonia and nitrate plus nitrite
compared to organic nitrogen during the fall and winter months (fig. 25). Percent organic
nitrogen and nitrate plus nitrite were significantly different between at least two seasons,
caused primarily by the relatively low concentrations of ammonia, and therefore,
relatively low contribution to total nitrogen in the Big Sunflower River. Concentrations
of nitrate plus nitrite and organic nitrogen are an order of magnitude higher than
concentrations of ammonia and have a correspondingly greater influence on total
nitrogen concentration.
Seasonal variation in nitrogen concentration corresponded with seasonal
variations in streamflow and specific conductance. Streamflow in the Big Sunflower
River is generally greatest during winter and spring, corresponding with low specific
conductance values (fig. 26A–B). Specific conductance can be used as a surrogate for the
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percentage of groundwater either discharging, or returning as irrigation return flow, to the
Big Sunflower River. Groundwater from the underlying alluvial aquifer has a higher
specific conductance (200–1,600 µs/cm; Arthur, 2001) than water entering the stream
from precipitation by way of overland runoff. Therefore, high specific conductance
values correspond to periods of low stream-flow when groundwater inflows compose the
majority of stream-flow in the Big Sunflower River, and low values of specific
conductance correspond to periods of high stream-flow. Nitrate is generally absent from
groundwater in the underlying alluvial aquifer because of low oxygen conditions
conducive to denitrification (Welch et al., 2011; Barlow and Coupe, 2012).
Concentrations of nitrogen in the Big Sunflower River were higher during winter and
spring when streamflow was high and composed predominantly of precipitation via
overland runoff compared to summer and fall when streamflow was low and composed
predominantly of discharged groundwater (figs. 25 and 26A).
Correlation of Nitrogen Concentrations with Streamflow and Physical Properties
Because of the information they provide about environmental conditions at the
time of sample collection, streamflow and five physical properties—water temperature,
specific conductance, dissolved oxygen, pH, and turbidity—were compared to
concentrations of each form of nitrogen in samples from the Big Sunflower River (table
4). With the exception of water temperature, streamflow and all physical properties were
significantly correlated with concentrations of at least one form of nitrogen. The
magnitude and significance of the correlation coefficient can be related to various
processes. For example, the positive significant correlation between streamflow and
nitrate plus nitrite can be explained by transport processes, in that nitrate plus nitrite is
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soluble and readily transported by overland flow to the stream. Conversely, the negative
significant correlation between specific conductance and total nitrogen, ammonia, and
nitrate plus nitrite is also probably related to streamflow and transport. Higher specific
conductance values in water correspond to a higher proportion of groundwater having
little to no nitrogen and a lower proportion of overland flow. Conversely, lower specific
conductance values correspond to a lower proportions of groundwater and higher
proportions of overland flow having relatively high concentrations of nitrogen. Turbidity
was positively correlated with concentrations of all forms of nitrogen and significantly
correlated in all cases except for ammonia indicating that total nitrogen, organic nitrogen,
and nitrate plus nitrite are potentially transported with sediment by way of overland flow.
Ammonia was negatively correlated to dissolved oxygen and pH because of the negative
association of ammonia with dissolved oxygen and pH. As water pH increases and
becomes more basic, conditions become more conducive to ammonia volatilization, and
ammonia concentrations would be expected to decrease. Additionally, as dissolved
oxygen decreases and conditions become more oxygen-limited, the conversion of
ammonia to nitrate plus nitrite, referred to as oxidation or nitrification, is inhibited by the
lack of oxygen.
Transport of Nitrogen in the Big Sunflower River
Concentrations and fluxes of nitrogen were compared with the concentration and
flux of chloride, which is transported conservatively, in order to assess any net loss of
nitrogen over time along the sampled reach of the Big Sunflower River (Battaglin et al.,
2001).
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April 8–21, 2010
Lagrangian samples were collected during April 8–21, 2010, at 7 sites along the
Big Sunflower River from Clarksdale to Anguilla and at 2 sites along major tributaries
(fig. 18). Stream-flow ranged from 214 ft3/s at Clarksdale to 1,080 ft3/s at Anguilla,
generally increasing downstream except between Merigold and Sunflower (fig. 27).
Stream-flow along this reach between mile 47 and mile 84 decreased 13 percent, from
580 to 502 ft3/s. Inflows from the first major tributary of the Big Sunflower River, the
Quiver River, accounted for 96 percent of the increase in stream-flow between the two
Big Sunflower River stations upstream and downstream of the Quiver River confluence,
site 11 at mile 84 and site 13 at mile 111, respectively (figs. 18 and 27). Contributions
from the second major tributary to the Big Sunflower River, the Bogue Phalia, accounted
for more than 107 percent of the increase in stream-flow between the two Big Sunflower
River stations upstream and downstream of the Bogue Phalia confluence, site 13 at mile
111 and site 15 at mile 143. The downstream increase in streamflow measured between
these two stations was relatively small and could be due to timing errors associated with
either under- or over-predicting the transit time of the tagged water parcel.
The flux of total nitrogen increased downstream between Clarksdale and Anguilla
(fig. 28A), except for the net loss between Merigold and Sunflower and Indianola and
Little Callao. The decrease in the flux of total nitrogen between Merigold and Sunflower
was concurrent with a decrease in streamflow (fig. 27) and small increase in total
nitrogen concentration (fig. 28B); whereas, the decrease in the flux of total nitrogen
between Indianola and Little Callao was concurrent with a small increase in streamflow
(fig. 27) and decrease in total nitrogen concentration (fig. 28B). Contributions from the
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Quiver River accounted for 99 percent of the increase in total nitrogen flux between sites
11 and 13, upstream and downstream of the Quiver River confluence (figs. 18 and 28A).
In contrast to the Quiver River, total nitrogen flux decreased downstream between sites
13 and 15, located upstream and downstream of the Bogue Phalia confluence as a result
of a decrease in the concentration of total nitrogen and only a relatively small increase in
streamflow (fig. 27).
Concentrations of total nitrogen generally decreased downstream from Clarksdale
to Anguilla and ranged from 2.5 to 4.1 mg/L (fig. 28B). At Clarksdale, the majority of the
total nitrogen was composed of organic nitrogen, although by the second sampling site
(Lombardy), the concentration of total nitrogen was composed of almost equal parts
organic nitrogen and nitrate plus nitrite. Concentrations of nitrate plus nitrite slightly
increased downstream between Clarksdale and Anguilla and ranged from 0.8 to 1.6
mg/L. Concentrations of ammonia decreased downstream throughout the sampled reach
and ranged between 0.02 and 0.18 mg/L.
The dominant form of nitrogen varied between Clarksdale and Anguilla; at
Clarksdale, organic nitrogen composed 70 percent of the total nitrogen flux, whereas
nitrate plus nitrite composed 17 percent and ammonia composed 12 percent (fig. 28A). At
the second sampling site (Lombardy), the percentage of nitrate plus nitrite increased
downstream to 43 percent of the total nitrogen flux, organic nitrogen decreased to 51
percent, and ammonia decreased to 6 percent. Downstream of the Lombardy site, the
fluxes of nitrate plus nitrite and organic nitrogen remained approximately equal in
proportion along the rest of the sampled reach (fig. 28). Contributions of total nitrogen
from the Quiver River were dominated by organic nitrogen (63 percent), whereas
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contributions from the Bogue Phalia were composed of almost equal parts organic
nitrogen (44 percent) and nitrate plus nitrate (47 percent). Samples collected during the
April Lagrangian sampling event were not analyzed for chloride.
May 12–June 3, 2010
Lagrangian samples were collected at 7 sites along the Big Sunflower River from
Clarksdale to Anguilla and 2 major tributary sites beginning on May 12, 2010, and
ending on June 3, 2010. Streamflow ranged between 24.9 and 2,100 ft3/s, generally
increasing downstream except between Merigold and Sunflower and between Little
Callao at mile 143 and Anguilla at mile 160 (fig. 27). Streamflow decreased 25 percent
downstream between Merigold and Sunflower, from 455 to 340 ft3/s, because of a losing
reach that has developed between these two stations in response to the shallow water
table falling below the altitude of the streambed. Between Little Callao and Anguilla,
streamflow decreased 55 percent downstream, from 2,100 to 952 ft3/s (fig. 27), because
of the closure of the Steele Bayou control structure downstream of Anguilla (fig. 18).
Although the Steele Bayou control structure was closed throughout the sampling period,
backwater effects were only observed at the Anguilla station. Contributions from the
Quiver River accounted for 111 percent of the change in streamflow between sites 11 and
13 upstream and downstream of the Quiver River confluence (figs. 18 and 27).
Contributions from the Bogue Phalia only accounted for 7 percent of the increase in
streamflow between sites 13 and 15, upstream and downstream of the Bogue Phalia
confluence. Between these two stations, streamflow increased downstream from 630 to
2,100 ft3/s following several precipitation events, suggesting that overland runoff was
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responsible for the majority of streamflow increase rather than inflow from the Bogue
Phalia.
The flux of total nitrogen and chloride increased downstream between Clarksdale
and Anguilla, peaking at Little Callao Landing (site 15, figs. 18 and 29A) and then
decreased by nearly 50 percent at Anguilla because of the large decrease in streamflow
(fig. 27) and a small decrease in the concentration of total nitrogen and chloride. Fluxes
of nitrogen and chloride increased and decreased correspondingly with the exception of
nitrate plus nitrite flux between Merigold and Sunflower. Streamflow and fluxes of
chloride, total nitrogen, organic nitrogen, and ammonia decreased between Merigold and
Sunflower, whereas the flux of nitrate plus nitrite increased slightly (figs. 27 and 29A).
Streamflow and nitrogen and chloride fluxes decreased between Little Callao and
Anguilla because of backwater effects caused by the closure of the SB Control Structure
(fig. 27). Contributions from the Quiver River accounted for 88 percent of the increase in
total nitrogen flux and 105 percent of the increase in chloride flux between sites 11 and
13 upstream and downstream of the Quiver River confluence (figs. 18 and 29A).
Contributions from the Bogue Phalia accounted for 15 percent of the change in total
nitrogen flux and 5 percent of the change in chloride flux between stations 13 and 15,
upstream and downstream of the Bogue Phalia confluence.
Concentrations of total nitrogen ranged from 1.2 to 5.2 mg/L and generally
increased downstream from Clarksdale to Anguilla, peaking at Sunflower (site 11, figs.
18 and 29B). At Clarksdale, the concentration of total nitrogen was composed of almost
equal parts organic nitrogen and nitrate plus nitrite. Throughout the rest of the reach,
nitrate plus nitrite was the dominant form of nitrogen in the stream. Concentrations of
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nitrate plus nitrite ranged from 0.6 to 3.4 mg/L and generally increased downstream
between Clarksdale and Anguilla following a pattern similar to that of total nitrogen
concentration (fig. 29B). Concentrations of ammonia generally decreased downstream
throughout the sampled reach and ranged from 0.04 to 0.38 mg/L. Concentrations of
chloride varied between 4.9 and 20 mg/L throughout the reach.
At Clarksdale, organic nitrogen composed 46 percent of the total nitrogen flux,
whereas nitrate plus nitrite composed 43 percent and ammonia composed 11 percent (fig.
29A). By Anguilla, the percentage of nitrate plus nitrite had increased to 71 percent,
organic nitrogen decreased to 28 percent, and ammonia decreased to 1 percent. In
comparison with the results from the April Lagrangian samples, nitrate plus nitrite was
the dominant form of nitrogen throughout the majority of the sampling reach; and, as
water moved downstream from Clarksdale to Anguilla, the percentage of total nitrogen
composed of nitrate plus nitrite was consistently larger than observed in April, with
nitrate plus nitrite composing the majority of the total nitrogen flux.
June 15–July 1, 2010
Lagrangian samples were collected at 7 sites along the Big Sunflower River from
Clarksdale to Anguilla and 2 major tributary sites beginning on June 15, 2010, and
ending on July 1, 2010. Streamflow ranged from 12.2 to 3,500 ft3/s, increasing with
drainage area throughout the sampling event (fig. 27). June was the only Lagrangian
sampling event in which streamflow did not decrease between Merigold and Sunflower.
One possible explanation for this lack of decrease in streamflow could be augmentation
by irrigation return flow. Contributions from the Quiver River accounted for 66 percent
of the change in streamflow between sites 11 and 13 upstream and downstream of the
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Quiver River confluence (figs. 18 and 27). Contributions from the Bogue Phalia only
accounted for 19 percent of the change in streamflow between sites 13 and 15 upstream
and downstream of the Bogue Phalia confluence. Precipitation events occurred
throughout the sampling period and, therefore, overland runoff probably accounted for
the majority of streamflow increases, in addition to the inflows from the Quiver River
and Bogue Phalia.
The flux of total nitrogen and chloride increased correspondingly from Clarksdale
to Anguilla (fig. vA). The SB Control Structure was opened a day before the Anguilla site
was sampled, allowing water to flow from the Big Sunflower River into the Yazoo and
Mississippi Rivers. As a result, fluxes of nitrogen and chloride more than doubled
between Little Callao and Anguilla. Contributions from the Quiver River accounted for
77 percent of the increase in both total nitrogen and chloride flux between sites 11 and
13, upstream and downstream of the Quiver River confluence (figs. 18 and 30A).
Contributions from the Bogue Phalia accounted for 44 percent of the change in total
nitrogen flux and 13 percent of the change in chloride flux between sites 13 and 15,
upstream and downstream of the Bogue Phalia confluence.
Concentrations of total nitrogen ranged from 1.4 to 3.3 mg/L and generally
decreased downstream between Clarksdale and Anguilla, peaking at Harvey’s Chapel
(site 4, figs. 18 and 30B). At Clarksdale, the majority of the total nitrogen concentration
was composed of organic nitrogen, but by Harvey’s Chapel, the concentration of total
nitrogen was composed of almost equal parts organic nitrogen and nitrate plus nitrite.
Concentrations of nitrate plus nitrite ranged from 0.4 to 1.5 mg/L and generally increased
downstream between Clarksdale and Anguilla, following a pattern similar to that of total
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nitrogen concentration (fig. 30B). Concentrations of ammonia decreased downstream
throughout the sampled reach and ranged from 0.01 to 0.47 mg/L. Concentrations of
chloride ranged from 6.7 to 17 mg/L and generally increased from Clarksdale to
Anguilla.
At Clarksdale, organic nitrogen composed 60 percent of the total nitrogen flux,
whereas nitrate plus nitrite composed 23 percent and ammonia composed 18 percent. The
amount of nitrate plus nitrite in the stream increased from 23 to 52 percent of the total
nitrogen flux between Clarksdale and Sunflower and then decreased to 38 percent
between Sunflower and Anguilla. By Anguilla, organic nitrogen composed 51 percent of
the total nitrogen flux and ammonia composed 11 percent.
August 23–30, 2010
Lagrangian samples were collected at 7 sites along the Big Sunflower River from
Clarksdale to Anguilla and 2 major tributary sites beginning on August 23, 2010, and
ending on August 30, 2010. Because of logistical constraints, three Lagrangian sampling
events were conducted concurrently on three reaches between Clarksdale and Anguilla:
one between Clarksdale and Merigold (Reach 1), a second between Merigold and
Indianola (Reach 2), and a third between Indianola and Anguilla (Reach 3). Streamflow
increased from 13.1 to 556 ft3/s within Reach 1, increased from 207 to 700 ft3/s within
Reach 2, and decreased from 707 to 618 ft3/s within Reach 3 (fig. 27).
Fluxes of nitrogen were 1 to 2 orders of magnitude lower than those observed
during all other Lagrangian sampling events; whereas streamflow was generally within
the range observed in other Lagrangian sampling events. The flux of total nitrogen
increased within Reaches 1 and 2 and decreased within Reach 3, with organic nitrogen
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flux composing the majority of the total nitrogen flux within all three reaches (fig. 31A).
Fluxes of chloride increased and decreased with total nitrogen fluxes throughout each
reach. However, fluxes of nitrate plus nitrite were inversely related to fluxes of chloride
between Sunflower and Indianola within Reach 2, with fluxes of nitrate plus nitrite
decreasing as streamflow and chloride flux increased. This relation is the result of inflow
from the Quiver River containing relatively high concentrations of chloride and low
concentrations of nitrate plus nitrite. Additionally, the overall decrease in both the flux
and concentration of nitrate plus nitrite throughout Reach 2 indicates a loss of nitrate plus
nitrite potentially related to either uptake or denitrification. Fluxes and concentrations of
nitrate plus nitrite increase slightly within Reach 3 and show no net loss between any
sites within the reach. Contributions from the Quiver River accounted for 43 and 89
percent of the increase in total nitrogen and chloride flux, respectively, between sites 11
and 13 upstream and downstream of the Quiver River confluence. Contributions from the
Bogue Phalia had a negligible effect on both total nitrogen and chloride flux between
sites 13 and 15, upstream and downstream of the Bogue Phalia confluence (figs. 18 and
31A). Streamflow decreased between these two stations and resulted in a decrease in the
fluxes of total nitrogen and chloride despite the small fluxes of total nitrogen and chloride
entering the Big Sunflower River from the Bogue Phalia. This result could be due to
timing errors associated with either under- or over-predicting the transit time of the
tagged water parcel. The SB Control Structure was open throughout the August 2010
sample period and, therefore, did not affect streamflow.
Concentrations of total nitrogen ranged from 0.87 to 1.5 mg/L throughout Reach
1, 0.72 to almost 1.1 mg/L throughout Reach 2, and 0.78 to 0.96 mg/L throughout Reach
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3, generally decreasing between Clarksdale and Anguilla, with the highest concentration
occurring at Merigold at the end of Reach 1 (site 7, figs. 18 and 31B). The majority of the
total nitrogen concentration was composed of organic nitrogen throughout all three
reaches because of the relatively low concentrations of nitrate plus nitrite as compared to
other sampling events. Concentrations of nitrate plus nitrite ranged from 0.12 to 0.47
mg/L throughout Reach 1, 0.02 to 0.32 mg/L throughout Reach 2, and 0.02 to 0.13 mg/L
throughout Reach 3, generally decreasing between Clarksdale and Anguilla (fig. 31B).
Concentrations of ammonia ranged from 0.01 to 0.24 mg/L, and decreased throughout
Reaches 1 and 2 while increasing slightly throughout Reach 3. Concentrations of chloride
ranged between 6.9 and 18 mg/L, generally increasing throughout Reaches 1 and 2 while
remaining relatively constant throughout Reach 3.
May 16–20, 2011
Lagrangian samples were collected at 11 sites on the Big Sunflower River from
Clarksdale to Sunflower beginning on May 16, 2011, and ending on May 20, 2011. This
reach includes a section of the Big Sunflower River, between Merigold and Sunflower,
where streamflow losses were measured based on data collected in the 2010 water year.
Streamflow ranged between 209 to 543 ft3/s throughout the reach, generally increasing as
drainage area increased, with the exception of three reaches where small losses of
streamflow were measured. Specifically, streamflow decreased 6 percent between
Merigold and Dockery, from 543 to 529 ft3/s, decreased 6 percent between Dockery and
Doddsville, from 529 to 498 ft3/s, and decreased 10 percent between Blaine and
Sunflower, from 539 to 485 ft3/s (fig. 27).
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The flux of total nitrogen increased between Clarksdale and Sunflower, with
organic nitrogen composing the majority of total nitrogen flux throughout most of the
reach (fig. 32A). At Clarksdale, organic nitrogen composed 56 percent of the total
nitrogen flux, whereas nitrate plus nitrite composed 34 percent and ammonia composed 8
percent. By Sunflower, the percentage of nitrate plus nitrite had increased to 55 percent,
organic nitrogen had decreased to 42 percent, and ammonia had decreased to 3 percent.
Streamflow and chloride flux increased and decreased monotonically within the reaches
from Baltzer to Merigold, Dockery to Doddsville, and Blaine to Sunflower, whereas
fluxes of nitrate plus nitrite within these reaches were inversely related to streamflow and
chloride flux. Although the SB Control Structure was closed throughout the May 2011
sampling event, there was no evidence that backwater conditions affected the sampled
reach.
Concentrations of total nitrogen ranged from 1.4 to 2.0 mg/L, peaking at Baltzer
(site 5, figs. 18 and 32). Between Clarksdale and Baltzer, the majority of the total
nitrogen concentration was composed of organic nitrogen. From Baltzer to Sunflower,
the concentration of total nitrogen was composed of almost equal parts organic nitrogen
and nitrate plus nitrite. Concentrations of nitrate plus nitrite ranged from 0.6 to 1.0 mg/L
and generally increased between Clarksdale and Sunflower (fig. 32B). Concentrations of
ammonia decreased throughout the sampled reach and ranged from 0.03 to 0.44 mg/L.
Concentrations of chloride ranged from 3.3 to 7.0 mg/L and generally increased between
Clarksdale and Sunflower (fig. 32B).
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Comparison of Measured to Simulated Nitrogen Fluxes in the Big Sunflower River
Several methods were employed to assess the fate of nitrogen, and specifically, if
any net loss of nitrogen occurs along the Big Sunflower River. Net loss of nitrogen was
assessed by comparing total nitrogen flux from the Lagrangian sampling events to
chloride flux data, drainage area, and predicted total nitrogen flux results from two
previously published national and regional SPARROW models, which assume relatively
conservative transport within the main channel of the Big Sunflower River (fig. 33). The
hypothesis proposed here is that any net loss of nitrogen occurring within the Big
Sunflower River would result in a measurable decrease in the mass or flux of total
nitrogen relative to chloride (a conservative constituent), drainage area, and (or) predicted
total nitrogen fluxes.
Instantaneous fluxes of total nitrogen and chloride were positively correlated
(coefficient of determination (R2) = 0.56, ρ = 1.87×10-07) implying no net loss of total
nitrogen relative to chloride (fig. 33A). With the exception of three reaches, total nitrogen
flux increased with drainage area along the sampled reach of the Big Sunflower River,
indicating that, along most of the Big Sunflower River, no net loss of total nitrogen
occurs relative to drainage area. The flux of total nitrogen decreased relative to drainage
area between Merigold and Sunflower, Indianola and Little Callao, and Little Callao and
Anguilla (fig. 33B). Similarly, with the exception of these three reaches (Merigold and
Sunflower, Indianola and Little Callao, and Little Callao and Anguilla), measured total
nitrogen fluxes from each of the Lagrangian sampling events generally follow predicted
fluxes from both the national- and regional-level SPARROW models (fig. 33C).
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Between Merigold and Sunflower, a decrease in total nitrogen flux was observed
during 4 of the 5 Lagrangian sampling events; on average, streamflow decreased by 11
percent (fig. 27) and total nitrogen flux decreased by 13 percent (fig. 33B). These
decreases in both streamflow and the flux of nitrogen in the stream are due to extensive
groundwater withdrawals, resulting in a cone of depression along this section of the Big
Sunflower River (Barlow and Clark, 2011). Declining groundwater levels have resulted
in a groundwater table that is lower than the streambed, and therefore, the stream is
generally losing throughout this reach. Because the losses in nitrogen are coincident with
streamflow losses, nitrogen losses throughout this reach are probably due to the transport
of water through the streambed rather than instream denitrification or other processes.
This is further validated by consistent losses in chloride flux (figs. 28-32) in addition to
streamflow losses (fig. 27) occurring throughout this reach. Streambeds represent the
interface between surface-water and groundwater processes with resulting dynamic
biogeochemical properties. A previous study conducted by Barlow and Coupe (2012) in
the Bogue Phalia Basin, a contributing basin to the Big Sunflower River, showed that
conditions in the streambed and underlying aquifer are conducive for denitrification,
based on an estimated average streambed denitrification rate of 11,614 micromoles
nitrogen per square meter per hectare (µmol N m-2 h-1). This finding is an order of
magnitude larger than other published values (Böhlke et al., 2009). Therefore, losing
reaches of the Big Sunflower River, such as the reach between Merigold and Sunflower,
may transport nitrogen through the streambed and also have the potential to remove
nitrogen in the form of nitrate plus nitrite through denitrification.
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Fluxes of total nitrogen decreased, in two instances, relative to drainage area
between Indianola and Little Callao (fig. 33B). The first instance occurred during the
April 2010 Lagrangian sampling event and was concurrent with a small increase in
streamflow (fig. 27) and decrease in the concentration of all forms of nitrogen (fig. 28B).
Samples collected during the April Lagrangian sampling event were not analyzed for
chloride and therefore, it is not possible to compare the flux of nitrogen to the flux of
chloride for further interpretation. The second instance occurred during the August 2010
Lagrangian sampling event and was concurrent with a small decrease in streamflow (fig.
27) and decrease in total nitrogen concentration (fig. 31B). Organic nitrogen made up the
majority of nitrogen throughout the August 2010 Lagrangian sampling event, and the
decrease in total nitrogen concentration was because of a decrease in organic nitrogen
concentration; concentrations of nitrate plus nitrite and ammonia increased between
Indianola and Little Callao. The flux of chloride also decreased between Indianola and
Little Callao during this time period. The combination of these results, decreasing flux of
total nitrogen and chloride, decreasing streamflow, and increasing concentration and flux
of nitrate plus nitrite do not directly suggest denitrification occurring within the stream
channel. However, the decrease in both concentration and flux of organic nitrogen and
the concurrent increase in concentration and flux of ammonia and nitrate plus nitrite
could suggest mineralization, or ammonification.
Fluxes of total nitrogen also decreased, in one instance, relative to drainage area
between Little Callao and Anguilla, near the confluence of the Big Sunflower River with
the Yazoo River (fig. 33B). This section of the Big Sunflower River is affected by the
operation of the Steele Bayou Drainage (SB) Control Structure. During periods when the
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SB Control Structure is closed, backwater effects generally cause a decrease in
streamflow throughout this section, resulting in a decrease in the flux of total nitrogen
and at least a temporary delay in the transport of nitrogen out of the basin. The SB
Control Structure was closed during parts of all Lagrangian sampling events except for
August 2010. During the April and June 2010 Lagrangian sampling events, the SB
control structure was opened after the sampling of Little Callao, resulting in an increase
in streamflow and total nitrogen flux between Little Callao and Anguilla. During the May
2010 and May 2011 Lagrangian sampling events, the SB Control Structure was closed
throughout the entire sampling period. Although the May 2011 Lagrangian sampling
events did not include the Little Callao to Anguilla reach, the May 2010 Lagrangian data
indicate a large decrease in streamflow and total nitrogen and chloride fluxes caused by
the closure of the SB Control Structure (figs. 27 and 29A).
Closure of the SB Control Structure delays transport of and potentially aids in the
removal of nitrogen by creating hypoxic conditions conducive to denitrification. When
the SB Control Structure is closed, the lower reach of the Big Sunflower River
experiences backwater effects that decrease streamflow and the flux of total nitrogen. The
extent of backwater effects on the transport of nitrogen is related to prior conditions
(streamflow and nitrogen concentrations) in the Big Sunflower River and the length of
time the SB Control Structure is closed. By decreasing streamflow, backwater affects can
result in a clinograde oxygen profile (in which oxygen decreases with depth) similar to
that of an oligotrophic or eutrophic lake. A clinograde develops when a lack of
circulation or streamflow prevents oxygen consumed at depth from being replenished
with new oxygen above (Wetzel, 2001). This assumes that the body of water has nutrients
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and organic matter for productivity. During June of the 2010 water year, two depthintegrated samples were collected, and dissolved oxygen was measured throughout the
water column at a USGS site (station 323045090484300) on the Little Sunflower
Diversion Canal 6 miles upstream of the SB Control Structure and 46 miles downstream
from the Big Sunflower near Anguilla site. Samples and measurements of dissolved
oxygen were collected before the SB Control Structure was closed and 8 days after it was
closed (fig. 34). When the SB Control Structure was open, the oxygen profile was
relatively uniform and the concentration of nitrate plus nitrite was 1.02 milligrams per
liter (mg/L); however, 8 days after the SB Control Structure was closed, a distinct
clinograde oxygen profile was measured and the concentration of nitrate plus nitrite was
0.42 mg/L. Although a more extensive study would be needed to document the effects of
the SB Control Structure on nitrate plus nitrite concentrations, these data suggest the
potential for denitrification during periods when the SB Control Structure is closed.
Within the reach sampled as part of this study, however, there was no evidence of a net
loss of nitrogen caused by closure of the SB Control Structure, only a decrease in
nitrogen flux caused by a decrease in streamflow.
Summary and Conclusions
The Big Sunflower River Basin, located within the Yazoo River Basin, is subject
to large annual inputs of nitrogen from agriculture, atmospheric deposition, and point
sources. Recent studies involving two Spatially Referenced Regressions on Watershed
attributes (SPARROW) models, which include the Big Sunflower River Basin, imply that
nitrogen acts relatively conservatively and does not undergo substantial denitrification
once it enters the main channel of the Big Sunflower River Basin. This finding implies
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that if one kilogram of nitrogen can be prevented from reaching the Big Sunflower River,
it will result in one less kilogram of nitrogen reaching the Gulf of Mexico. If there is
substantial instream processing of nitrogen, or if nitrogen is removed by streambed
processes in the Big Sunflower River Basin, then the management implication is that the
Basin has some capacity to retain or remove nitrogen rather than acting simply as a flowthrough system for nitrogen transport to the Gulf of Mexico. The purpose of this study
was to characterize the occurrence and transport of nitrogen in the Big Sunflower River
in order to compare with recently published SPARROW model results and validate
whether or not the transport of nitrogen is relatively conservative (no net loss) throughout
the study area.
In order to characterize spatial and temporal variability of nitrogen in the Big
Sunflower River Basin, water samples were collected at monthly intervals from 16 sites
located either on the Big Sunflower River or on major tributaries to the Big Sunflower
River between October 1, 2009, and June 1, 2011. Concentrations of nitrogen were
generally highest at each site during the spring of the 2010 water year and fall and winter
of the 2011 water year. Additionally, the dominant form of nitrogen varied with site. For
example, the concentration of organic nitrogen was generally higher than the
concentrations of ammonia and nitrate plus nitrite in samples collected from the site
farthest upstream (Clarksdale); however, nitrate plus nitrite concentrations were generally
higher than concentrations of organic nitrogen and ammonia in samples collected from
the Sunflower and Anguila sites farther downstream.
In addition to the routinely collected samples, water samples from the Big
Sunflower River Basin were collected using a Lagrangian sampling scheme, which
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attempts to follow a given mass of water in order to determine how this mass of material
changes through processing or other pathways as the water moves downstream.
Lagrangian sampling events were conducted 5 times during the study period: (1) April 8–
April 21, 2010, (2) May 12–June 3, 2010, (3) June 15–July 1, 2010, (4) August 23–
August 30, 2010, and (5) May 16–May 20, 2011. Streamflow generally increased with
drainage area, and conditions varied during each event because of local precipitation,
irrigation return flow, and streamflow losses through the streambed. Total nitrogen flux
also increased with drainage area and the dominant form of nitrogen varied with drainage
area and date. For example, during April and May (2010 and 2011), organic nitrogen was
the dominant form of nitrogen in the upper reaches of the Big Sunflower River, and
nitrate plus nitrite was the dominant form in the lower reaches ; however, during June and
August, organic nitrogen was the dominant form of nitrogen throughout the entire
sampling reach.
Results from this study were used to assess the fate of nitrogen and, specifically,
whether or not a net loss of nitrogen occurs within the Big Sunflower River. Net loss of
nitrogen was assessed by comparing total nitrogen data from the Lagrangian sampling
events to chloride, drainage area, and predicted total nitrogen flux results from previously
published national and regional SPARROW models, which assume relatively
conservative transport within the Big Sunflower River. Results from each method
indicated the relatively conservative transport of nitrogen within the 160 miles between
Clarksdale and Anguilla, providing further validation of the SPARROW models and the
assumption that nitrogen transport is relatively conservative at the scale of the Big
Sunflower River Basin. However, potential nitrogen losses include transport and potential
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transformation of nitrogen through the streambed and sequestration and potential
transformation of nitrogen above the drainage control structures downstream of Anguilla.
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Figure 18

Map showing location of study area and sampling locations with map
identification number and extents of the Yazoo River and Big Sunflower
River Basins and the Mississippi River alluvial aquifer.

Sampling site descriptions are provided in table 1
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Figure 19

Graph showing drainage area along the Big Sunflower River and median
streamflow for each of the four gaging stations throughout the study period
(Oct. 1, 2009,–June 1, 2011).

Distance is relative to the Clarksdale gaging station. Gaging stations are labeled along the
x-axis and the number in parenthesis denotes the map identification number on figure 1
and table 1

95

Figure 20

Pie chart showing nitrogen load (in kilograms per year) by source in the
Big Sunflower River Basin and percentages of total load.

Data from Spatially Referenced Regressions on Watershed attributes (SPARROW)
model developed for streams in the South-Central United States
(http://cida.usgs.gov/sparrow/map.jsp?model=35, based on work by Rebich et al., 2011)
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Figure 21

Graphs showing A, total crop area, B, relative percentage of dominant crop
types within the Big Sunflower River Basin and C, average recommended
amound of nitrogen applied per drainage area by crop.

Source for crop acreage:
http://www.nass.usda.gov/Statistics_by_State/Mississippi/index.asp; accessed January
24, 2011. Recommended nitrogen fertilizer application rates provided by Mississippi
State University Department of Agricultural Economics (2009)
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Figure 22

Box plots showing the distribution of streamflow at the time samples were
collected in comparison to the distribution of streamflow throughout the
study period (Oct. 1, 2009,–June 30, 2011)
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Figure 23

Graphs showing streamflow and concentrations of total nitrogen, organic
nitrogen, ammonia, and nitrate plus nitrate for each of the four regularly
sampled streamgage sites on the Big Sunflower River
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Figure 24

Box plots showing the distribution of concentrations of total nitrogen,
organic nitrogen, ammonia, and nitrate plus nitrite and the ratio of each
form of nitrogen to total nitrogen at each of the regularly sampled
streamgage sites.

Kruskal-Wallis ρ-value provided in upper left hand corner of each graph. Results from
the Tukey multiple comparison test indicated by letters above each box-plot; means for
groups with the same letter are not significantly different from each other at α=0.05.
1Data from the Merigold site were not included in the statistical analysis due to the
relatively low number of samples.
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Figure 25

Box plots showing the seasonal distribution of concentrations of total
nitrogen, organic nitrogen, ammonia, and nitrate plus nitrite and the ratio of
each form of nitrogen to total nitrogen in samples collected from the Big
Sunflower River between October 1, 2009, and June 30, 2011.

Kruskal-Wallis ρ-value provided in upper left hand corner of each graph
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Figure 26

Box plots showing the seasonal distribution of streamflow, specific
conductance, water temperature, dissolved oxygen, and turbidity in the Big
Sunflower River between October 1, 2009, and June 30, 2011.

Kruskal-Wallis ρ-value provided in upper left hand corner of each graph
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Figure 27

Graph showing streamflow along the Big Sunflower River and the primary
tributaries (Quiver River and Bogue Phalia) to the Big Sunflower River
during each Lagrangian sampling event.
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Figure 28

Graphs showing the A, flux of nitrogen, and B, concentration of nitrogen as
a function of distance from Clarksdale during the April 2010 Lagrangian
sampling event
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Figure 29

Graphs showing the A, flux of nitrogen and chloride, and B, concentration
of nitrogen and chloride as a function of distance from Clarksdale during
the May 2010 Lagrangian sampling event.
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Figure 30

Graphs showing the A, flux of nitrogen and chloride, and B, concentration
of nitrogen and chloride as a function of distance from Clarksdale during
the June 2010 Lagrangian sampling event
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Figure 31

Graphs showing the A, flux of nitrogen and chloride, and B, concentration
of nitrogen and chloride as a function of distance from Clarksdale during
the August 2010 Lagrangian sampling event.
107

Figure 32

Graphs showing the A, flux of nitrogen and chloride, and B, concentration
of nitrogen and chloride as a function of distance from Clarksdale during
the May 2011 Lagrangian sampling event.
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Figure 33

Graphs showing the instantaneous flux of total nitrogen relative to A, the
instantaneous flux of chloride, B, drainage area, and C, predicted
instantaneous total nitrogen fluxes from SPARROW models. SB is Steele
Bayou Drainage.
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Figure 33 (Continued)
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Figure 34

Graph showing the concentrations of dissolved oxygen with depth and the
depth composite concentrations of nitrate plus nitrite at the Little Diversion
Canal near Redwing, Miss. site before and after the closure of the Steele
Bayou Drainage (SB) Control Structure
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Table 3

Summary of sites sampled within the Big Sunflower River Basin

[USGS, U.S. Geological Survey; NAD83, National Datum of 1983; NGVD29, National Geodetic Vertical Datum of 1929; NA, data not available]
1
Gage sites were also a part of the Lagrangian sample sites (with the exception of Little Sunflower River Diversion at railroad near Redwood, MS.)
2
Site was also part of the April 2010 Lagrangian sample run.
3
Includes one sample from Bogue Phalia at Darlove, MS (site identification number: 07288655)
4
Site located downstream of the Big Sunflower River Basin and not part of the Lagrangian sample sites.
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Table 4

Summary statistics for selected physical properties measured at the time of sample collection and correlation coefficients
between each physical property and concentration of nitrogen; level of significance shown in parentheses, significant
correlations (ρ<0.05) are shown in bold.

[A total of 61 samples were collected in each case. Cfs, cubic feet per second; °C, degrees Celsius; µs/c, microsiemens per centimeter, mg/L, milligrams per liter,
NTU, nephelometric turbidity units]
1
Level of significance shown in parentheses, significant correlations (p<0.05) shown in bold.
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WHAT DRIVES THE TRANSPORT OF NITROGEN WITHIN AN AGRICULTURAL
LANDSCAPE? INSIGHTS ON HOW HYDROLOGY, GEOCHEMISTRY, AND THE
LANDSCAPE INTERSECT TO CONTROL THE FATE AND TRANSPORT OF
NITROGEN

Hydrology Matters, Geochemistry Controls: How hydrology and biogeochemistry
determine the occurrence, transport, and fate of nitrogen in aquatic environments
Results presented in the previous chapters support the hypothesis of this
dissertation, which states that declining water-levels in the alluvial aquifer have led to a
greater proportion of time and space in which streams are losing water to the alluvial
aquifer and that nitrogen transported through the streambed in the form of nitrate, is
likely removed from the system via denitrification because of the reducing/anoxic
conditions in the streambed and alluvial aquifer. Additionally, these results highlight the
utility of coupling hydrologic and biogeochemical data for more complete understanding.
The objective of this chapter is to synthesize the findings from previous chapters to
validate the need for designing coupled hydrologic and biogeochemical studies in order
to fully understand and manage the transport of nitrogen through an agricultural
landscape.
Nitrogen is a ubiquitous contaminant throughout agricultural landscapes due to
both the application of inorganic and organic fertilizers to agricultural fields and the
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general persistence of nitrate in oxygenated aqueous environments (Denver et al., 2010;
Domagalski et al., 2008; Green et al., 2008; Puckett and Hughes, 2005; Coupe, 2001;
Nolan and Stoner, 2000). In order to understand why nitrogen occurs in aquatic systems,
it is of course important to consider potential sources, proximity of the location in the
watershed to a source, and the timing of the source. In order to understand how to
manage nitrogen in a watershed, it is necessary to move beyond identifying potential
sources to identifying and quantifying flow paths and biogeochemical conditions, which
ultimately combine to determine transport and fate. If sources of nitrogen, the transport
of nitrogen, and biogeochemical conditions which control the persistence of nitrogen
were uniformly distributed, then it would be possible to manage for nitrogen uniformly
throughout a watershed. However, uniform conditions are rare to nonexistent in the
natural world and can be less likely in a landscape altered for agricultural production.
Therefore, in order to target management activities on the landscape where they will have
the greatest affect, it is important to understand how hydrology and biogeochemistry
intersect, that is to understand the extent and duration over which nitrogen is routed
though each hydrologic compartment and the biogeochemical condition and effect on
nitrogen transport within each hydrologic compartment. In order to provide
understanding of the drivers affecting the quantity and quality of our water resources, it is
necessary to study the system in a holistic manner. With respect to understanding the
transport and fate of nitrogen in order to improve management on an agricultural
landscape, this synthesis focuses on the interconnectedness between water quality,
hydrology, and biogeochemistry resulting from holistic study of the interaction between
groundwater and surface-water compartments.
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Understanding how nitrogen is routed and processes is especially important in the
northwestern region of Mississippi, which was recently identified, along with basins in
eight other states, as one of the largest contributors of total nitrogen and phosphorus
fluxes to the Gulf of Mexico (Alexander et al., 2008; Robertson et al., 2009). These
increased nutrient loads contribute to increases in eutrophication and an expanding
hypoxic zone in the northern Gulf of Mexico (Goolsby and Battaglin, 2001; Rabalais et
al., 1996; Rabalais and Turner, 2001). Within Mississippi, the Yazoo River Basin drains
the rich agricultural area of the Mississippi River alluvial plain in northwestern
Mississippi into the Mississippi River and ultimately into the Gulf of Mexico. The close
proximity of The Yazoo River Basin to the Gulf of Mexico generally leads to the
assumption that any nitrogen (N) entering the Mississippi River from the Yazoo River
Basin is transported conservatively to the Gulf of Mexico. Therefore, it is important to
reduce the amount of nitrogen leaving the Yazoo Basin.
Hydrology determines flow paths - Flow paths drive transport
Hydrologic systems, or the cycle in which water is routed to and from the
landscape, can be thought of as a series of interconnected hydrologic compartments (fig.
35). All compartments are connected and anything we do on the landscape has the
potential to effect all compartments. In a simplified conceptual model, we can reduce a
hydrologic system down to three primary compartments, surface-water, groundwater, and
the atmosphere. The intersection of these compartments represents potential flow paths
for water and any other constituents (dissolved or particulate) transported by water. The
rate with which water moves through each compartment is dependent on the amount of
resistance present at the compartmental interface. For example, the movement of water
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to and from the atmosphere is controlled by temperature and pressure which governs
processes such as evaporation and condensation. Water then moves through the
atmosphere to the land surface and the amount that reaches the land surface is determined
by the amount of vegetative resistance present on the landscape referred to as capture and
throughfall. Any water that then reaches the land surface will have the potential to move
through the subsurface and to an underlying aquifer dependent on the resistance created
by soil porosity and the hydraulic conductivity of the aquifer (Brooks et al., 2003).
Groundwater/surface-water interaction processes provide many ecosystem
services such as maintaining baseflow in streams, regulating stream temperature regimes
for aquatic biota, and buffering the transport of contaminants through the streambed
interface (Hayashi and Rosenberry, 2002; Hester and Gooseff, 2010). The ability of
groundwater/ surface-water interaction processes to provide these ecosystem services is
dependent upon the hydrologic and physiochemical characteristics of each groundwater/
surface-water system and can be variable over spatial and temporal scales. For instance,
streamflow alterations due to human influences have resulted in diminished high and low
flow regimes in the majority of monitored streams across the United States and are linked
to decreased biological integrity of aquatic ecosystems. Additionally, climate change
adds further uncertainty with expected increases in extreme climatic swings from
flooding to droughts. Hydrologic modifications such as dams, groundwater and surfacewater withdrawals, and irrigation return-flow have altered groundwater/ surface-water
interaction processes and the impacts of these alterations are not well understood.
Increasing our understanding of groundwater/surface-water processes and how these
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processes might change in response to hydrologic alterations will allow for improved
management and sustainability of our groundwater and surface-water resources.
Within northwestern Mississippi, a highly productive agricultural region referred
to as the Delta, groundwater withdrawals for irrigation have resulted in streamflow
depletions as the water table in the underlying alluvial aquifer has fallen below the
streambed, especially in the central region of the Delta. These streamflow depletions
affect availability of water in the stream and also water-quality. As ground-water-levels
decline and move below the streambeds, groundwater discharge to streams have declined
to the point that many streams in the Delta are presently net losing streams throughout the
year (Barlow and Clark, 2011). As the water in the stream moves down through the
streambed, it carries any other constituents in solution – such as, nitrogen – and results in
a net decrease in the mass of these constituents carried by the stream. Although,
hydrology is responsible for the movement of nitrogen through the streambed, what
happens to nitrogen as it moves through the streambed to the alluvial aquifer is controlled
by the biogeochemical conditions of the streambed and aquifer.
Biogeochemical conditions represent the coupling of biochemical and
geochemical conditions. Chapelle (1993) explains the necessity to consider both
biochemical in addition to geochemical reactions due to the fact that hydrologic systems
are rarely “sterile environments” and contain some level of microbiological activity,
which will influence chemical reactions. Biogeochemical cycling parallels ecological
cycles in that there are many interdependent “relationships” between different
populations (Chapelle, 1993). Specifically, Chappelle (1993) defines biogeochemical
cycling as the “alternate storage and release of chemical energy as an element moves
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through the biosphere”. The movement of a chemical constituent is dependent on the
properties of the constituent and therefore, each will have a distinct flow path.
For nitrogen, this flow path is known as the nitrogen cycle, and essentially
represents the introduction of nitrogen as an inert gas from the atmosphere and its
subsequent movement and transformations through the environment. Nitrogen
transformation is largely dependent on reductive-oxidation (redox) processes, or the
transfer of electrons between chemical constituents (Faure, 1998). Global increases in
reactive nitrogen caused by increases in the amount of nitrogen fixing crops, fossil fuel
combustion, and fertilizer production, have led to an accumulation of nitrogen in the
environment. This accumulation of reactive nitrogen can have detrimental ecological and
human health effects, such as the development of the zone of hypoxia in the northern
Gulf of Mexico each summer as a result of nutrient input from the Mississippi River.
These effects are compounded as reactive nitrogen is transported from one part of the
environment to another, an effect referred to as the nitrogen cascade (Galloway et al.,
2003). The nitrogen cascade describes the movement of reactive nitrogen through the
Earth’s atmosphere, hydrosphere, and biosphere, and the multiple effects that reactive
nitrogen can have on terrestrial, freshwater, and marine systems, as well as human health,
as it moves through the environment.
Agricultural systems receive 75 percent of anthropogenic reactive-nitrogen inputs,
and although the majority is assimilated by crops; some nitrogen is lost through transport
to other areas (Galloway et al., 2003). The fate of this nitrogen depends on the residence
time and denitrification potential within the area (Seitzinger et al., 2006). Denitrification,
or the reduction of nitrate (NO3-) to nitrous oxide N2O or nitrogen gas (N2) is responsible
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for removing nearly all reactive nitrogen moving through aquatic ecosystems.
Denitrification requires anoxic or oxygen-limited conditions, appropriate bacteria to
oxidize organic and inorganic compounds for energy, and available electron donors such
as organic carbon (Delwiche and Bryan, 1976; Seitzinger et al., 2006). Immobilization
also reduces the amount of inorganic nitrogen by converting inorganic nitrogen into
organic nitrogen; this process can be reversed, however, through mineralization or
ammonification (Galloway et al., 2003).
Nitrogen transport research is typically segregated, focusing on one particular
compartment (Seitzinger et al, 2006). In order to successfully manage nitrogen in the
environment, we need to fully understand the interrelationships between different
processes which affect their ultimate fate and transport and resulting effects on the
ecosystem. Many pathways exist for the transport of nitrogen. Rivers are the primary
transport mechanism for nitrogen to the oceans. Atmospheric deposition is also a key
transport mechanism to aquatic ecosystems (Rabalais, 2002). As reactive nitrogen moves
through terrestrial and aquatic ecosystems, it is subject to removal by denitrification.
While denitrification is an effective process for the removal of reactive nitrogen from the
environment, there is some debate over the exact reaction pathways and the extent to
which denitrification could be contributing N2O to the atmosphere and potentially
contributing to stratospheric ozone destruction (Delwiche and Bryan; Seitzinger et al.,
2008).
Seitzinger et al. (2006) proposed that there is a denitrification continuum based on
space and time, which ranges from small scales (<cm) and short time periods (< 1d) to
large scales (>10 m) and long time periods (>week). Within this continuum,
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denitrification systems are lumped into 3 groups based on transport characteristics, which
ultimately affect spatiotemporal characteristics of denitrification: 1.) diffusion dominated
transport of nitrate to denitrification sites; 2.) advection dominated transport; and 3.)
denitrification due to periodic or episodic anoxia (Seitzinger et al., 2006). The primary
difference between each group is the degree to which denitrification and nitrification are
coupled in space and time. Denitrification rates are directly influenced by N inputs, with
rates increasing as N inputs increase (Böhlke et al., 2009). The relative proportion of N
inputs subject to denitrification is controlled by hydrology and geomorphology, which
largely control residence times and depths to denitrification sites; the longer the residence
time/transport rate, the more likely denitrification will occur (fig. 36).
Surface-water systems generally fall into groups 1 and 2 as they range between
low to high energy environments and can be well-mixed or seasonally stratified
depending on level of energy in the stream (i.e. stream flow velocities) and the
geomorphology of the stream. Groundwater systems generally fall into group 2 with
nitrate adjectively transported to anoxic regions of the groundwater system. The
potential for denitrification to remove nitrate carried by water through a stream will
increase as concentration and residence time increase, and as water depth decreases.
Nitrate concentrations in the stream set the upper limit for denitrification rates. Residence
time and water depth control the potential for denitrification to occur; increased residence
times or slower water velocities and decreased water depth generally lead to increased
time for denitrification to occur and a great proportion of the stream water in contact with
the benthic zone (Seitzinger et al., 2008). Groundwater systems generally have long
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residence times and low oxygen conditions relative to surface-water systems, both
conducive for denitrification.
Subsequently, the potential for denitrification to occur in groundwater/surfacewater interactions is dependent on concentration and redox gradients between
groundwater and surface-water systems, residence time, and flowpath direction
(groundwater discharging to a stream versus surface-water loss to the aquifer). If
oxygenated surface-water carrying nitrate moves downward through the streambed to an
aquifer with low oxygen environments, the redox and concentration gradient coupled
with the relatively slow movement of water through the streambed (i.e. increased
residence time) will increase the potential for denitrification to occur. In contrast, if
nitrate is introduced to an oxygenated aquifer, groundwater discharging to streams would
be a source of nitrate with longer lag time in terms of management practices relative to
surface-water (Meals et al., 2010; Ator and Denver, 2012). Therefore, the amount of
denitrification occurring in each compartment can vary spatially dependent on the
connection, both hydrologic and biogeochemical, between groundwater and surfacewater systems. By better understanding where denitrification occurs and the factors
which control denitrification, we can begin to manage when, where, and how
denitrification takes place in order to reduce the amount of nitrogen leaving a watershed.
Agricultural landscapes are a key area for such management techniques as they are
already subject to landscape alterations and are highly managed landscapes.
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Coupling hydrology and biogeochemistry for understanding and management of
nitrogen transport in northwestern Mississippi
In surface-water systems, the occurrence and transport of nitrogen has been
related to land use, stream channel geometry (relative proportion of surface-water in
contact with benthic/streambed area), and streamflow velocity (Alexander et al., 2008;
Alexander et al., 2009). In groundwater systems, the occurrence and transport of
nitrogen, particularly nitrate, has also been related to land use and hydrogeologic
properties such as permeability and depth to water table; however, fate or persistence is
related more to biogeochemical conditions, specifically redox conditions (Nolan et al.,
2002; McMahon and Chapelle, 2008). Within the Mississippi Delta, nitrate is commonly
detected in surface-water, but rarely detected in samples from the underlying alluvial
aquifer (Coupe, 2001; Gonthier 2003; Landreth, 2008). The fact that nitrate is applied on
the ground as fertilizer, present in the streams, but not in the subsurface could lead to a
hypothesis that the alluvial aquifer in northwestern Mississippi is hydrologically shut off
from surface waters entering via the land surface and streambeds. Using a multicompartment analysis perspective of surface water transport to groundwater and coupling
hydrologic with biogeochemical processes has allowed for a more complete
understanding of the fate and transport of nitrogen from streams to the subsurface.
Previous studies across the Delta have shown that although surface-water moves
through either the land surface (infiltration) or streambed towards the alluvial aquifer,
biogeochemical conditions of the subsurface and streambed essentially remove nitrate
from the system (Welch et al., 2011; Barlow and Coupe, 2012). In a small scale study
located in a cotton field in the northwestern part of the Delta, nitrate was detected in
shallow groundwater; however, there was complete loss of nitrate at depths greater than
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3.2 m below the water table due to denitrification (Welch et al., 2011). A model
developed for this site to predict the transport of nitrate through the unsaturated zone and
into the alluvial aquifer determined that the depth of leached nitrate is largely controlled
by the slow vertical velocity of water through the unsaturated zone, and upper portions of
the saturated zone as well as, the annual nitrogen fertilizer application rate to the land
surface (Welch et al., 2011).
Barlow and Coupe (2012) exhibited that the geochemistry of the alluvial aquifer
and not permeability prevents the transport of nitrate to the subsurface. This in turn
affects surface-water quality by removing nitrogen from the stream via streamflow losses
through the streambed. Nitrogen in the form of nitrate was shown to be removed from
the system by the process of denitrification. In both cases above, redox conditions of
either the alluvial aquifer or streambed prevented the persistence of nitrate in the shallow
groundwater. These two examples highlight the importance of coupling both hydrology
and biogeochemical processes for a more complete understanding of the system and
ultimately for better management of nitrogen transport. Additionally, these examples
point to a need for coupled monitoring and modeling - by modeling the system, we
identify areas of uncertainty, or areas where we need more monitoring data and by
monitoring the system, we collect the data needed to both validate our models and to
track the success of management programs.
Long term effects of continually losing streams on the groundwater system are
uncertain and require additional monitoring and simulation modeling. Green and Bekins
(2010) suggested that the electron donors (typically organic carbon) and electron
acceptors (oxygen, nitrate, manganese, iron, and methane) necessary for denitrification
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can be of finite supply in groundwater systems. If demand, in this case represented by
surface-water transporting nitrate to the subsurface, exceeds supply (electron donors and
acceptors in the groundwater/subsurface system), the natural ability of the groundwater
system to remove nitrate via denitrification could be compromised. This could ultimately
lead to nitrate contamination of the underlying aquifer which could then be transported to
gaining reaches of a stream. To date, there is limited evidence of the above phenomenon
occurring in the Mississippi Delta.
A recent synoptic study of groundwater/surface-water exchange along the Big
Sunflower River indicates some connection between the extent of groundwater/surfacewater exchange, nitrogen transport, and redox conditions (fig. 37). Three sites along the
Big Sunflower River were instrumented with coupled groundwater-surface gages
(Constantz et al., 2012) and groundwater and surface-water level data collected from
October 1, 2010 through October 1, 2011 (fig. 37). Surface-water and groundwater
samples were collected and analyzed for nutrients and redox constituents at each site
during the data collection period in order to compare groundwater/surface-water
interaction with concentrations of nitrogen and redox conditions of the aquifer at each
site.
Of the three sites, the most upstream and downstream sites were predominantly
gaining sites and the midstream site, located within a large cone of depression in the
alluvial aquifer, was a losing site and potentially disconnected from the aquifer (fig. 37).
Organic nitrogen and nitrate were the dominant forms of nitrogen in surface-water
samples, with nitrate accounting for a larger percentage of total nitrogen in samples from
the two more downstream sites. Organic nitrogen was the dominant form of nitrogen in
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the two groundwater sites adjacent to predominantly gaining sites. Ammonia was the
dominant form of nitrogen in the losing/disconnected site. While samples from all three
groundwater sites were classified as reduced; samples from the losing/disconnected site
were the most reduced, falling in the methanogenic category. One possible explanation
for the extreme reducing conditions at the losing/disconnected site could be related the
location of this site in the middle of the alluvial aquifer cone of depression. Due to the
historically lower water table at this location, this site could have been subject to losing
conditions for a sufficient amount of time to exhaust the availability of electron acceptors
higher up the redox chain. However, additional monitoring and modeling of
biogeochemical reactions are needed to support this hypothesis.
As the above data suggest, it is important to understand the effects of surface
inputs to the groundwater system in order to effectively manage nitrogen transport on the
surface. Although the role of groundwater on surface-water systems is not always easy to
see or measure, groundwater plays a critical role in reducing nitrogen from surfacewaters in the Mississippi Delta. And, this ultimately reduces the amount of nitrogen
entering the Mississippi River and Gulf of Mexico. Within the Mississippi Delta, water
withdrawals for irrigation have altered flow paths between surface-water and
groundwater systems, allowing for more surface-water losses to the underlying alluvial
aquifer. While there are a few perceived benefits to these losses, recharge to the aquifer
and the removal of nitrogen from streams, there are also potential and real consequences
to the overall ecosystem such as streamflow losses due to declining baseflow
contributions and a loss of temperature regulation and streambank stabilization,
ultimately resulting in a loss of aquatic habitat.
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Presently, the state has formed a Conjunctive Water Management (CWM) Work
Group to address coupled surface-water and groundwater management strategies for
water availability and water quality in the Mississippi Delta. Additionally, the emergence
of new management practices, which benefit both groundwater and surface-water
systems have become increasingly popular with producers in the Mississippi Delta.
These practices, which include on farm storage, tail water recovery, and vegetated
ditches, aid in the drainage and delivery of water to farmers while increasing the
residence time of water on the field thus promoting denitrification processes and reducing
the amount of nitrogen leaving a watershed (Kröger,, et al., 2010). At the same time, by
slowing down the movement of water on the surface, there is an increased potential for
surface-water to infiltrate through the soil and recharge the aquifer. Increased recharge
has immediate positive benefits in that water is returned to the aquifer for future use and
the anoxic conditions of the aquifer can help remove any nitrate carried by infiltrating
surface-water. Now, we must continue to investigate other indirect effects of increased
surface-water recharge to the aquifer, such as the potential to reduce the aquifer’s natural
ability to attenuate nitrate resulting in the contamination of the groundwater system and
long-term effects on the coupled groundwater/surface-water systems if groundwater
becomes a source of nitrate to streams in the Mississippi Delta. In order to increase our
understanding of these consequences for better management of our resources as a whole,
As shown in this dissertation, it is necessary to continue to couple both hydrologic and
biogeochemical processes for a more complete understanding of the system and
ultimately for better management of nitrogen transport.
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Figure 35

Interaction between primary hydrologic compartments and the landscape.
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Figure 36

Conceptual schematic of the controlling processes on denitrification in
hydrologic systems.
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Figure 37
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Average concentrations of nitrogen, redox classification, and groundwater/surface-water interaction classification for
three coupled groundwater/surface-water sites on the Big Sunflower River, 10/1/2010 – 10/1/2011.
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